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ABSTRACT 
ADAM DAVID WERTS. Dynamic localization of the C. elegans GoLoco proteins GPR-
1/2 mediates mitotic spindle orientation in response to extrinsic signals 
 (Under the direction of Bob Goldstein) 
 
Normal regulation of mitotic spindle orientation plays key roles in development 
and contributes to preventing tumorigenesis. In many cases, cell divisions are oriented by 
signals from neighboring cells. However, very little is known about how mitotic spindle 
orientation is established by signaling between cells. GoLoco-domain proteins (C. 
elegans GPR-1/2, Drosophila Pins, vertebrate LGN and AGS3) are good candidates for 
mediating spindle orientation in response to extrinsic signals, as they are key players in 
cell-autonomous mitotic spindle orientation, linking plasma membrane-associated Gα 
proteins to microtubule-associated proteins.  In C. elegans, the GoLoco-domain protein 
pair GPR-1/2 has been implicated in orienting the spindle of an endomesodermal 
precursor cell, EMS, toward an accumulation of GPR-1/2 at the point of contact between 
EMS and its neighbor, the germline precursor cell P2. Because it is difficult to resolve the 
cell of origin for such cortically-distributed proteins, I generated mosaic embryos with 
different fluorescent tags on GPR-1/2 in different cells. Using this system, I found that 
GPR-1/2 is surprisingly uniform in the EMS cell, but that it is asymmetrically distributed 
in the neighbor cell, P2. Indeed, P2 depended on cortically-tethered GPR-1/2 for normal 
division orientation. I demonstrate that intercellular signaling via MES-1 plays an 
instructive role in localizing GPR-1/2 asymmetrically in P2. I ruled out a model 
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suggesting that cortical GPR-1/2 localization in P2 occurred through inhibition of LET-
99, a GPR-1/2 antagonist. Instead, my investigations suggested that GPR-1/2 
accumulated through diffusion and preferential trapping at one cell contact, coupled with 
destabilization at another cell contact. Once the mitotic spindle of P2 is oriented normally, 
microtubule-dependent removal of GPR-1/2 prevented excess accumulation. I conclude 
that the dynamic localization of GPR-1/2 can serve as a key intermediate relaying 
positional information from one cell to the alignment of a mitotic spindle in the 
neighboring cell. Together with previous findings, my results demonstrate that GoLoco-
domain proteins are localized by multiple signaling pathways. I propose that orientation 
of mitotic spindles by intercellular signaling via GoLoco-domain protein localization may 
be a fundamental and widespread mechanism in animal development.   
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PREFACE 
 
People who didn’t grow up in a city like to say that they grew up in a small town -
cue John Mellencamp- but this is all relative.  I grew up in the small town of Onekama, 
Michigan.  With around 500 inhabitants, two gas stations, two restaurants, and the nearest 
stoplight 15 miles away in the ‘city’ of Manistee (the largest township in the county with 
a population of 6,500), Onekama is a small town.  I attended kindergarten, elementary 
school, and high school in the same building with the same 35 or so students each year.  
We had no fast food restaurants, no mall, no swim team (or pool), no tennis team, no 
wrestling team, no AP classes, no fancy robotics or technology labs, etc. By my senior 
year of high school I had taken all the upper level classes offered and thus found myself 
stuck in the school building with nothing to do literally: I was required to be in the 
building during the day, but there were no classes left to take.  This is where I found my 
interest in art, but that is another story.  So why would I start this preface talking about 
seemingly trivial things? Importantly, coming from a ‘Townie” beginning where 
attending college is not always the expected route in life explains a lot about how I think, 
who I am, and how I ended up in North Carolina in graduate school.  
My father grew up in Michigan, was in the Navy for several years after high 
school, settled down with my mother in Northern Michigan in the 1970s and got a job 
working maintenance on oil wells, a job that he still has to this day.  My mother grew up 
in many places, but spent much of her childhood in Guam.  Upon marrying my father, 
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she had two kids, my sister Jennifer and I, and spent most of her time as a stay-at-home 
mom and working part-time as a secretary at various locations.   My father did not attend 
college, but my mother did take several college courses and finished an Associates 
degree.  Despite their limited experience with postsecondary education, they always 
assumed that I would be going to college.   None of us knew much about college, but I 
was going to go. 
High school was pretty easy for me, possibly because the classes offered weren’t 
challenging in general, but regardless, I did well.  Actually, quite well: I was both 
Valedictorian and Athlete of the Year of Onekama High School.  Upon graduation I went 
off to college.  Since I knew little about the differences in colleges, I chose a convenient, 
close-by, liberal arts school called Grand Valley State University (GVSU).  
At GVSU, I majored in biology and minored in chemistry.  Biology was an 
obvious choice for me as growing up in a rural area, most of my childhood was spent 
playing in the woods, swimming in Lake Michigan, and catching various species of small 
animals and insects. These activities gave me immense curiosity for nature and I continue 
to enjoy them today.  During my undergraduate years, I took a field ecology course in the 
Florida Keys and tried my hand at a summer research project studying the behavior of 
goldfish after injection of environmental pollutants into their brains. I also experienced 
for the first time the fields of cell and molecular biology, fields that I found vastly 
interesting.  After a summer internship studying gene expression in metastasizing cancer 
cells at the Van Andel Research Institute, it was time for me to decide what I would do 
with the rest of my life, career-wise that is. 
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Even after four years of undergrad, I still had no idea what I wanted to ‘do’.  I had 
never really thought about a career-path, and college itself was sort of an abstract idea to 
me at that point.  I felt like I should have some strong urge to do something specific, but 
that specific ‘thing’ eluded me.  I half-heartedly applied to veterinary school in the fall of 
2005, but never followed up with supplementary application material.  Soon after, almost 
on a whim, I applied to graduate school, which, long story short, got me where I am 
today. 
 The summer before moving to North Carolina, I studied the website for the 
Biology Department at UNC and read through all the faculty profiles.  Right away I 
became interested in the lab of Dr. Bob Goldstein: his science looked so simple but 
intriguing…  elegant is a word I would use to describe it today.  Thus, I emailed Dr. 
Goldstein and asked if he had space for me to rotate during the next year.  A couple 
weeks later, I received an email from “Bob”, which was also sent to five other students, 
saying that he didn’t have space for everyone to rotate so only contact him if you were 
seriously considering joining his lab.  This email worked, in part, scaring two people 
away from rotating, improving my chance at joining the lab.  In the end, I was able to 
rotate with Bob in the fall of 2006. 
From the fall of 2006 to the summer of 2007 I rotated in the labs of Bob 
Goldstein, Steve Rogers, and Frank Conlon.  While I enjoyed all of my rotations, my 
experience in Bob’s lab, combined with Bob’s exciting and unique, outside-of-the-box 
approach to science attracted me back.  So, in May of 2007, I became a member of the 
Goldstein Lab. 
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I soon found that graduate school was very easy and that important scientific 
results came from nearly every experiment that I laid my hands on.  Wait, that is a lie!  
Graduate school is hard: emotionally, intellectually, and even physically –try not having 
horrible back pains after nine hours of almost non-stop sitting at the microscope.   On top 
of that, add the fact that my first two-thirds of a year in the Goldstein Lab was spent with 
Bob on sabbatical at the LMB in Cambridge and me having too much independence and 
not enough confidence, or maybe too much confidence, to know how to approach 
research efficiently.  After two and a half years and two projects more or less falling 
through, it was time to get my act together.   
 If I have learned nothing else in graduate school, I have learned who I am and 
what I want to ‘do’.  I have learned that persistence and dedication is required if you want 
to succeed at anything.  I have learned how to ask pertinent scientific questions and 
design simple and sometimes clever experiments to address those questions. Finally, I 
learned that while I am good at basic bench science, my true career interests are in 
medicine and applying basic science discoveries to the real world.  Thus, upon 
completion of my PhD I will start the next chapter of my life at veterinary school.  
 Within this dissertation you will find three chapters.  Chapter 1 was written as an 
invited review for a special issue of Seminars in Cell and Developmental Biology 
covering polarized cell growth.  As the topic was fairly vague, I was able to write a 
review on the more specific topic of my choosing: how my protein of interest, TPR-
GoLoco-domain proteins, may serve as conserved intermediates between instructive 
intercellular signaling and spindle positing.  This chapter serves as an introduction to my 
research project and it highlights the broader context of why my experimental results are 
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important.   Chapter 2 covers that last year and a half I have spent in the Goldstein Lab 
studying how the TPR-GoLoco-domain proteins GPR-1/2 are positioned downstream of 
intercellular signaling to position the P2 spindle in the four-cell C. elegans embryo.  This 
story has been submitted to Development.  In Chapter 3 I discuss future directions and  
experiments that I would suggest if I were to continue work in the Goldstein lab.   
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CHAPTER 1 
How signaling between cells can orient a mitotic spindle 
 
This chapter is adapted from a solicited review written for a special issue of Seminars in 
Cell and Developmental Biology, which focuses on polarized cell growth.  I wrote the 
first draft of the review and made all of the figures.  Bob Goldstein wrote the 
‘evolutionary origins and conclusions’ section, and the two of us together revised 
subsequent drafts.     
 
ABSTRACT 
In multicellular animals, cell communication sometimes serves to orient the 
direction in which cells divide. Control of division orientation has been proposed to be 
critical for partitioning developmental determinants and for maintaining epithelial 
architecture. Surprisingly, there are few cases where we understand the mechanisms by 
which external cues, transmitted by intercellular signaling, specify the division 
orientation of animal cells. One would predict that cytosolic molecules or complexes 
exist that are capable of interpreting extrinsic cues, translating the positions of these cues 
into forces on microtubules of the mitotic spindle. In recent years, a key intracellular 
complex has been identified that is required for pulling forces on mitotic spindles in 
Drosophila, C. elegans and vertebrate systems. One member of this complex, a protein 
with tetratricopeptide repeat (TPR) and GoLoco (Gα-binding) domains, has been found 
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localized in positions that coincide with the positions of spindle-orienting extracellular 
cues. Do TPR-GoLoco proteins function as conserved, spatially-regulated mediators of 
spindle orientation by intercellular signaling? Here, we review the relevant evidence 
among cases from diverse animal systems where this protein complex has been found to 
localize to specific cell-cell contacts and to be involved in orienting mitotic spindles. 
 
 3 
INTRODUCTION 
1. Intercellular communication is a necessary aspect of some cell divisions in animal 
systems 
1.1 Intercellular signals can guide cell division 
Cell division orientation is an important part of development and tissue maintenance 
[1-6]. Abnormal placement of the division plane has been recognized to disrupt cell fate 
specification for over 30 years [7] and has more recently been proposed to contribute to 
defective morphogenesis [1, 2, 5] and cancer [8]. While cell shape has been shown to be 
one contributor to placement of cell division planes [9-12], recent discoveries have 
highlighted a role of cell signaling in spindle orientation. 
Since the 1990s, it has become clear that extrinsic signals can determine the 
orientation in which certain cells divide. Manipulating the positions of cells and signals 
has revealed that the position from which an extrinsic signal is presented to a cell can 
determine the orientation of the cell division machinery [13-15]. These experiments make 
clear that extrinsic signals can function not just as simple switches that allow cells to 
respond to internal polarity (permissive cues), but instead can serve as important 
positional landmarks that determine the specific orientations of mitotic spindles 
(instructive cues) (Figure 1): Cells are telling their neighbors in which direction to divide. 
Surprisingly, while studies of cell division orientation have been carried out for over a 
century [16], very little is known about how intercellular signaling leads to normal 
division orientation. In principle, for a cell to divide in an orientation determined by 
extrinsic signals, several events need to occur: 1) First, the cell needs to receive an 
external cue from a neighboring cell. This cue can come in multiple forms, such as a 
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secreted molecule, like Wnt [14], or a transmembrane or adhesive molecule, such as 
cadherin [17]. 2) Second, the cell needs to interpret the external cue, translating its 
position into internal polarity. 3) Third, the internal polarity must be translated into forces 
on the cytoskeleton to set up a specified axis of division. 4) Lastly, the cell needs to 
divide. This can result in the partitioning of cell fate determinants [18], to one daughter 
cell.  
 
1.2 An example of the importance of intercellular communication for cell division 
orientation: the role of cadherin in the Drosophila germline 
 Cell-cell signaling regulates division orientation and cell fate in the male and 
female germline stem cells (GSCs) in Drosophila. GSCs in the Drosophila germline 
receive signals from cells within the stem cell niche, aligning the mitotic spindle of the 
stem cell perpendicular to the area of contact with the niche. These signals come in the 
form of bone morphogenetic protein (BMP) from cap cells and signals for Janus kinase-
signal transducers and activators of transcription (JAK-STAT) signaling from the hub 
cells in the female and male germline respectively. Signaling between the hub or cap 
cells and the GSCs controls GSC renewal [19]. In both the male and female germlines, 
cadherin molecules localize at the boundary of cap or hub cells and the germline stem 
cells, are required to maintain stem cell adhesion within the niche, and are involved in 
stem cell polarization and spindle orientation [20, 21]. Loss of E-cadherin in the male or 
female germlines results in loss of GSCs from the niche [20, 22]. In the male germline, 
GSC spindle orientation may be determined partly by asymmetric inheritance of mother 
vs. daughter centrosomes: centrosomes are segregated asymmetrically, with the mother 
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centrosome always remaining anchored to the contact with the niche [23]. The mother 
centrosome is likely anchored by a physical link between astral microtubules and E-
cadherin-rich adherens junctions between the stem cell and the hub cells through an APC 
(adenomatous polyposis coli) protein [21, 24]. In this system, it has not been shown 
whether E-cadherin and APC function as instructive cues for spindle orientation or 
whether this centrosome-anchoring phenomenon merely provides a permissive external 
cue to orient division in response to a separate cue. In the future, it would be interesting 
to determine whether GSC division is oriented by instructive or permissive cues from the 
hub, by experimentally repositioning the adherens junctions, possibly through cell 
manipulations, and assaying for re-establishment of centrosome anchoring and 
reorientation of the mitotic spindle of the stem cell in relation to the hub.  
E-cadherin and APC have also been implicated in similar processes in other 
systems, namely the regulation of cell polarity [17, 25], centrosome tethering [26], and 
mitotic division orientation [27]. This suggests that E-cadherin-mediated polarity is one 
key way in which cells communicate to regulate division orientation. (For a recent review 
on adhesion molecules regulating stem cell division, see [28]).  
 
1.3 TPR-GoLoco proteins as candidate transducers of positional information from 
intercellular signaling to spindle orientation 
In a wide range of animal systems, members of a conserved protein complex, the 
TPR-GoLoco complex, are important for regulating division orientation. These systems 
include C. elegans embryos [29-31], Drosophila neuroblasts and sensory organ 
precursors [15, 32-35], a variety of vertebrate epithelia [36-40], mammalian neural 
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progenitors [41-43], mammalian T-cells [44], and gastrulating zebrafish embryos [35]. 
This complex was discovered largely independently in C. elegans embryos, Drosophila 
neuroblasts, and cultured mammalian cells. In the mid-1990s, heterotrimeric G-proteins 
were implicated in cell division orientation in C. elegans embryos, as early as the one-cell 
stage [45]. Gα proteins were later found to be the relevant G-protein components [30, 
46]. Heterotrimeric G-proteins were known to respond to extracellular signals, via seven-
pass transmembrane receptors, so it was surprising to find a role for these proteins in the 
one-cell stage embryo, in a cell that has no neighbors from which to receive signals.  
How might G-proteins function in the absence of cell-cell signaling at the one-cell 
stage? A possible solution came when receptor-independent activators of G-protein 
signaling (called AGS or RGS proteins) were identified [47-49]. Proteins resembling 
these were found in flies (a protein called Pins), worms (GPR-1/2) and mammals (LGN), 
and importantly, these proteins were shown to function in spindle positioning in each 
system [29, 50-53]. Each of these proteins has a Gα-binding "GoLoco" domain, which 
can displace Gβ and inhibit GDP dissociation from Gα [54, 55]. They also have a 
protein-interaction domain consisting of 34-amino acid repeats (tetratricopeptide repeats, 
or TPR; [56]) that include the amino acids LGN (Leu-Gly-Asn) [57]. 
Together, these data established a link between plasma membrane-associated Gα 
proteins, the TPR-GoLoco proteins, and normal orientation of the mitotic spindle. But 
how did these proteins affect the spindle? Was the effect direct, through microtubule-
associated proteins, or indirect? It turns out that TPR-GoLoco proteins bind directly to 
microtubule-associated, coiled-coil proteins -- NuMA in mammalian cells, the NuMA 
homolog Mud in Drosophila, and a distantly-related protein LIN-5 in C. elegans [29, 50, 
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51, 58-60]. The TPR-GoLoco protein LGN was shown to act as a conformational switch 
that binds Gα and NuMA simultaneously, providing a link from a plasma membrane-
associated protein to the mitotic spindle [61]. Also associated is the microtubule motor 
dynein [62, 63], as well as Discs-large (Dlg; a membrane-associated guanylate kinase) 
and kinesin [64], or Inscuteable in some systems [53] (Figure 2).  
Altogether, the data suggest that the TPR-GoLoco-containing complex serves as a 
connection between the plasma membrane and microtubules. Indeed, the complex can be 
demonstrated to be important for the formation of a mechanical link between the plasma 
membrane and astral microtubules: Laser-cutting experiments in C. elegans embryos 
have revealed cortical pulling forces on mitotic spindles [65, 66], and these forces are lost 
in the absence of members of the complex [51, 52, 65]. How then does the complex move 
a spindle to a specific site on the cortex, instead of providing similar pulling forces along 
the entire cell cortex? In many systems, one member of the complex is localized to a 
specific cortical site, and is absent or at lower levels elsewhere. In most cases, it is the 
TPR-GoLoco protein that is asymmetrically localized [36, 51-53, 67], although the 
NuMA/Mud/LIN-5 component can be asymmetrically localized as well in some systems 
[36, 58-60, 68]. TPR-GoLoco proteins are increasingly found with restricted localization 
in parts of the cell cortex in systems with medical relevance, including vertebrate lung 
epithelia [39, 69], neuroepithelia [40], neural progenitors [41-43], T-cells [44], and in a 
model for cyst formation [38]. 
How does signaling between cells orient mitotic spindles? In multiple systems, 
TPR-GoLoco proteins localize in positions coincident with sites of cell contact, or where 
specific signals are presented, suggesting that they might be a central part of the answer. 
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However, it is not clear in all cases whether the TPR-GoLoco proteins localize 
downstream of extrinsic cues, or only downstream of an intrinsic polarity (Figure 1). 
Here, we ask a specific question: Do the protein complexes containing TPR-GoLoco 
proteins serve as conserved machines that can interpret positional information from 
extracellular cues, and translate that information into specific spindle orientations? To 
address this, we discuss first the most thoroughly described examples of TPR-GoLoco 
protein localization and function in model systems where intercellular signaling may be 
involved. We end with recent discoveries from vertebrate systems and discuss the 
evolution of TPR-GoLoco protein functions. Throughout, we point out similarities and 
differences between systems, in an attempt to sample the broad range of contexts to 
which this complex has been adapted for orienting mitotic divisions. 
 
2. Drosophila sensory organ precursors: A clear connection between intercellular 
signaling, TPR-GoLoco protein positioning, and instructive control of spindle 
orientation 
In the developing Drosophila peripheral nervous system, sensory organ precursor 
cells (SOPs) undergo several rounds of asymmetric division, forming an external sensory 
organ composed of five cell types: hair, socket, neuron, sheath, and glia [70, 71]. The 
orientation of the initial division of the progenitor cell, called pI, is controlled by planar 
cell polarity (PCP) proteins: the transmembrane proteins Frizzled (Fz) and 
Strabismus/Van Gogh (Stbm/Vang; a four-pass transmembrane protein in Drosophila, 
also called Van Gogh-like 2 or Vangl2 in mammals [72]) [15, 73]. In PCP, the 
extracellular domain of Stbm/Vang has been proposed to act as a receptor for the 
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extracellular domain of Fz on neighboring cells, resulting in nonautonomous polarization 
of cells, with Stbm/Vang recruited to one side of each cell [73]. This interaction may be 
indirect, relying on homotypic interactions between two functional forms of Flamingo 
(Fmi) that can recruit Fz and Stbm/Vang to opposite sides of a cell boundary [74] (Figure 
3A). In the sensory organ precursors, PCP proteins affect the localization of the 
Drosophila TPR-GoLoco protein Pins, with Pins localizing to the anterior side of the cell, 
where Stbm/Vang is recruited [15, 75].  
In the Drosophila SOPs, Ric-8, a guanine nucleotide-exchange factor, recruits 
Pins by regulating the localization of its cortical tether Gαi [76], while Stbm/Vang 
functions to refine Pins recruitment to the anterior cortex [77]. In parallel, Dsh prevents 
posterior cortical accumulation of Pins [77], likely by inhibition of cortical Stbm/Vang 
[15], resulting in restriction of the size of the cortical domain that attracts centrosomes 
(Figure 3A). At the anterior cortex, Pins interacts with Dlg, an interaction that is 
important for the anterior accumulation of both proteins [75]. Cortically localized Pins 
and Dlg regulate cell polarity through localization of Bazooka (Baz; PAR-3 in other 
systems), excluding Baz from the anterior cortex and allowing its accumulation at the 
posterior cortex [75] (Figure 3A and 3B). Pins and Baz contribute redundantly to spindle 
positioning [78]. The result of Fz-Dsh signaling and polarized Pins recruitment is an 
oriented spindle which is controlled in two dimensions: along the axis of anterior-
posterior polarity of the tissue and within the plane of the epithelium, oblique to the 
apical basal axis [35, 76] (Figure 3C).  
Interestingly, this is the only system to date where there is a clear connection 
between instructive intercellular signaling, TPR-GoLoco protein localization, and spindle 
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orientation. The PCP protein Dsh acts downstream of Fz to restrict the size of the Pins 
cortical domain (Figure 3A). In some Dsh mutants, the cortical domain of Pins is 
expanded, and both centrosomes in the cell, rather than just one, move inappropriately 
toward the Pins domain during mitosis. This results in misoriented cell division [15]. 
Furthermore, moving intercellular signals by generating clones of cells that lack 
Stbm/Vang or that have reduced Fz results in the relocalization of cortical Pins and 
reorientation of the mitotic spindle. This makes clear that Pins localization responds to 
the position at which intercellular signaling occurs [15] (Figure 3D). These results 
highlight the importance of intercellular signaling as an instructive cue for localizing 
cortical TPR-GoLoco proteins, and they provide a template for how TPR-GoLoco 
proteins might function in other systems as intermediates between instructive external 
cues and spindle positioning.  
 
3. Early C. elegans development: Role of the TPR-GoLoco protein GPR-1/2 in the 
four-cell stage embryo 
 At the four-cell stage in the C. elegans embryo, two adjacent cells signal to each 
other, affecting the division orientation of each cell. An endomesodermal cell called 
EMS, and a germline precursor cell called P2, orient their divisions toward a shared cell-
cell contact [13, 79]. EMS signals to P2 via a pathway involving MES-1 (a receptor 
tyrosine kinase-like transmembrane protein unique to nematodes) upstream of a Src 
kinase (SRC-1). P2 signals to EMS via both the MES-1 pathway and a Wnt pathway [14, 
29-31, 51, 79-84]. These signaling pathways are required for normal division orientation 
of each cell [14, 79, 82]. Manipulating signaling-mutant cells to specific positions has 
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demonstrated that Wnt-expressing P2 cells can provide instructive cues for spindle 
orientation to the EMS cell [83]. MES-1, on the other hand, acts as a permissive cue in 
EMS --required for spindle orientation toward a site at which Wnt signaling occurs [83]. 
 What occurs downstream of these pathways that might affect division orientation? 
Both MES-1 and SRC-1 have been implicated in recruiting dynactin to the P2-EMS 
contact, and dynactin is required for normal EMS division orientation [31]. An 
enrichment of the TPR-GoLoco protein pair GPR-1/2 is also observed at the P2-EMS 
boundary [29, 30, 51]. MES-1 signaling, but not Wnt signaling, is essential for GPR-1/2 
recruitment [29, 30] and enrichment of phosphotyrosine at the P2-EMS contact [82]. This 
suggests that the local phosphorylation of some target(s) that might be involved in normal 
spindle alignment. However, the identity of such target(s) has yet to be determined.  
While GPR-1/2 appears to be a mediator of intercellular signaling and division 
orientation, a direct relationship between intercellular signaling, TPR-GoLoco protein 
localization, and spindle orientation has yet to be clearly demonstrated in this system. 
With GPR-1/2 enrichment seen at a contact site between two cells, it is difficult to know 
if GPR-1/2 is asymmetrically localized in EMS, in P2, or in both cells. However, a 
consensus in the field is that GPR-1/2 cortical enrichment is involved at least in EMS 
division orientation [4, 29, 30, 85, 86]. This is based in part on evidence that inactivating 
one of GPR-1/2’s cortical Gα tethers, GPA-16, or inactivating a polarized, cortical GPR-
1/2 antagonist, the DEP-domain protein LET-99, both result in spindle orientation defects 
in the EMS cell [30]. Since MES-1/SRC-1 signaling is required for both GPR-1/2 
enrichment at the P2-EMS contact and normal P2 division [79, 81], it is possible that 
GPR-1/2 localization is also important in this cell. The potential to move cells and signals 
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to specific positions, and to image responses at high resolution, makes this system an 
especially attractive one to us for addressing fundamental questions in the future. 
 
4. Drosophila neuroblasts: The TPR-GoLoco protein Pins orients divisions 
 Drosophila neuroblasts, which are central nervous system progenitor cells, form 
by delamination from the neuroepithelium during embryonic development. Once 
delaminated, neuroblasts become polarized and undergo repeated cycles of asymmetric 
divisions, resulting in self-renewal of the neuroblast and the production of ganglion 
mother cells (for a recent review focusing on Drosophila neuroblast polarity see [87]). 
When mechanically dissociated from the neuroepithelia, Drosophila neuroblasts retain 
the ability to divide asymmetrically, albeit in random orientations with respect to 
previous divisions, suggesting that they can self-polarize, but that the polarity is 
randomly established from one division to the next [88]. However, when neuroblasts 
remained in contact with clusters of at least two neuroepithelial cells during dissociation, 
cell divisions were oriented in relation to the contact site [88]. This suggests that the 
neuroblasts orient divisions by an external cue that might function either as an instructive 
or permissive signal for normal spindle orientation. The identity of the relevant cell-cell 
signaling molecules remains unknown to date. 
 In Drosophila neuroblasts, Pins functions in division orientation. Pins is recruited 
to the apical cortex by two parallel pathways: the Inscuteable(Insc)/Par pathway [53, 67, 
89], and the microtubule/Khc-73 (kinesin)/Dlg pathway [32, 64]. In the Insc/Par pathway, 
interactions between Pins, Insc, and Baz (a homolog of Par3) are required for asymmetric 
cortical localization of each protein [53, 67, 89]. Disrupting Pins, Insc, or Baz 
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localization results in disruption of this entire protein complex, and is associated with 
mitotic spindle orientation defects and loss of division asymmetry [53, 67, 89]. 
Interestingly, unlike in Drosophila SOPs, Pins in Drosophila neuroblasts localizes with, 
rather than opposite, the cortical polarity protein Baz. This reversal of Pins polarity 
between two cell types within the same organism has been attributed to the expression of 
Insc, as ectopic expression of Insc in SOPs, cells in which Insc is not normally expressed, 
causes Pins to colocalize with Baz and reverse the polarity of the cell [75]. This further 
highlights the broad range of contexts in which the TPR-GoLoco protein module can be 
applied to spindle orientation downstream of cell interactions, even within the same 
organism.  
 In parallel to the Insc/Par pathway, the microtubule/Khc-73/Dlg pathway [32, 64] 
of apical Pins recruitment appears to function at metaphase to maintain linkage between 
the mitotic spindle and cortical polarity, possibly through cooperation with proteins such 
as Mud and dynein [32, 64]. Pins in Drosophila neuroblasts is known to bind directly to 
the microtubule-associated protein Mud, which functions similarly to C. elegans LIN-5 
and mammalian NuMA, and is required for normal mitotic spindle orientation [58, 60]. 
Furthermore, similar to dynactin’s role in orienting divisions in the four-cell stage C. 
elegans embryo ([31], discussed above), the Lis1/dynactin complex has been shown to 
regulate Drosophila neuroblast spindle orientation [34], potentially downstream of Pins 
and Mud [64]. Thus, conserved players may play conserved roles in different systems. 
 In the future, it will be interesting to identify the nature of the external cue, and 
see if intercellular signaling in this system functions in an instructive or permissive 
manner for Pins localization and division orientation. It will also be interesting to learn if 
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intercellular signaling orients division by similar mechanisms as in other systems, such as 
the cadherin adhesions in Drosophila germline stems cells, or by novel signals, such as 
functional homologs of C. elegans MES-1, to further understand the diversity of 
signaling mechanisms to which TPR-GoLoco localization has become linked through 
evolution. 
 
5. Vertebrate cells use conserved TPR-GoLoco protein complex members to orient 
cell divisions 
 In recent years, multiple studies have implicated the vertebrate TPR-GoLoco 
proteins LGN or AGS3 in normal division orientation of polarized cells in various 
epithelia [36-40, 69, 90, 91], neural progenitors [41-43], and possibly mammalian T-cell 
divisions [44]. Vertebrate TPR-GoLoco proteins localize near certain cell-cell contacts 
and orient divisions in multiple tissues [36-38, 40-43]. To our knowledge, there is little 
evidence addressing whether the localization of vertebrate TPR-GoLoco proteins at cell-
cell contacts is determined by instructive, intercellular signals. Alternatively, it is possible 
that intrinsic polarity cues affect TPR-GoLoco protein localization, and perhaps division 
alignment, independent of extrinsic signals. 
 The mechanisms that localize the TPR-GoLoco protein LGN in mammalian 
epithelial cells has been studied in detail using an in vitro model, Madin-Darby Canine 
Kidney (MDCK) cell epithelial cyst formation. When plated in a 3D matrix, MDCK cells 
divide and develop into cysts of apico-basally polarized epithelial cells surrounding 
hollow lumens [92]. LGN localizes near cell-cell contacts within the cyst [38]. This 
localization may be required to orient cell divisions and maintain normal, single-lumen 
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morphology, as disrupting LGN’s cortical localization, disrupting interactions with 
LGN’s binding partners, or artificially mistargeting LGN’s cortical Gα tether to an 
ectopic membrane all result in spindle orientation defects and disorganized cysts with 
multiple lumens [38]. Normal LGN localization is controlled by known cell polarity 
proteins, Par3 and aPKC [37]. In this system, Par3 recruits aPKC, which can 
phosphorylate LGN on serine 401, allowing a 14-3-3 protein to inhibit LGN cortical 
localization by blocking phospho-LGN binding to the cortical tether, Gαi, at the apical 
lumen [37]. This in turn permits LGN to be enriched near cell-cell contacts, a position to 
which mitotic spindles align [37, 38]. In this system, LGN appears to localize similarly to 
Pins in Drosophila SOPs: on cortical domains that have little Par3/Baz. Similarities 
between the two systems suggest that intercellular communication might localize LGN to 
orient divisions in MDCK cell cysts too, but this has yet to be tested.  
 Although LGN localization is aPKC-dependent in MDCK cells, this is not a 
hallmark of LGN localization mechanisms in all vertebrate cells. In chick neuroepithelial 
cells, LGN localizes to a lateral cortical belt around the cell, and is required for cell 
division within the plane of the epithelium [90]. In this case, apical aPKC appears to be 
neither necessary nor sufficient to exclude apical LGN localization: LGN still localizes to 
the cortex when aPKC is constitutively activated and cortically localized; an aPKC 
inhibitor does not prevent normal LGN localization; and mutation of serine 401 reduces, 
but does not mislocalize, cortical LGN asymmetry [40]. Taken together, it appears that 
similar to invertebrate systems, how LGN becomes localized in vertebrate cells is context 
and organism specific, further highlighting the plasticity of the module through which 
LGN exerts its function.  
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 Two examples from vertebrate systems suggest that LGN localization depends on 
extracellular cues. First, during asymmetric division in mouse neural progenitors, mice 
deficient in the PCP mediator Vangl2 show decreased asymmetric distribution of cortical 
LGN, and this is associated with altered division orientation [43]. This suggests that PCP 
signaling may mediate spindle orientation through localization of TPR-GoLoco-domain 
proteins as has been shown in Drosophila SOPs [15], however whether this signaling is 
instructive or permissive is unknown. In a second system, mammalian skin, there is 
evidence that LGN localization is mediated by extracellular signals, from both the 
basement membrane, and other cells [36]. Disruption of β1 integrin, a protein essential 
for focal adhesions and basement membrane assembly, or disruption of α-catenin, a 
component of adherens junctions between cells, causes mislocalization of LGN and 
spindle orientation defects [36]. While this suggests that the basement membrane and 
cell-cell contacts may contribute to positioning LGN, whether these are instructive or 
simply permissive cues for LGN localization remains untested.  
 
6. Roles for Lin-5/Mud/NuMA in spindle orientation independent of TPR-GoLoco 
proteins 
 In several systems described above, localization of TPR-GoLoco proteins at 
specific cell-cell contacts plays an important role in normal spindle orientation. TPR-
GoLoco proteins are presumed to function by recruiting binding partners to specific 
cortical sites, binding partners that can associate with and/or pull on microtubules. 
However, in some cases, it appears that the binding partners localize asymmetrically and 
play key roles in spindle orientation independent of TPR-GoLoco protein localization. 
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For example, in mammalian skin, asymmetric cortical localization of LGN and its 
binding partner NuMA have been found in asymmetrically dividing cells [93]. However, 
LGN also localizes asymmetrically in some symmetrically dividing cells, without NuMA 
co-localizing, suggesting the existence of another determinant of NuMA localization that 
may be important for spindle orientation [93]. Interestingly, in these symmetrically 
dividing cells, the spindle does not always orient in line with asymmetric LGN 
localization, revealing that spindle orientation can in some cases be uncoupled from 
asymmetric localization of LGN [93]. In a second example, the functional homolog of 
NuMA in C. elegans, LIN-5, has been shown to promote spindle rotation in meiosis 
independent of the C. elegans TPR-GoLoco proteins GPR-1/2 and their cortical tether 
Gα [94]. Instead, LIN-5 functions in meiosis as a member of a complex involving a 
protein called ASPM-1 (abnormal spindle-like, microcephaly-associated protein) as well 
as calmodulin. Third, Drosophila Mud can function in spindle orientation with Frizzled 
and Dishevelled, with Mud recruited to an asymmetric cortical site by binding directly to 
Dishevelled [35]. This complex appears to be involved in spindle orientation in parallel to 
the TPR-GoLoco protein-dependent orientation pathway, and an orthologous NuMA-
Dishevelled complex can be shown to function similarly in zebrafish cell division 
orientation [35]. Together, these experiments suggest that while TPR-GoLoco domain 
protein localization is a key determinants of spindle orientation in many systems, its 
binding partners can localize and function in spindle orientation independent of TPR-
GoLoco domain protein localization in some cases.  
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CONCLUSIONS 
7. Evolutionary origins and conclusions 
 Do TPR-GoLoco proteins function as conserved, spatially-regulated mediators of 
spindle orientation by intercellular signaling? Addressing the extent to which molecules 
and mechanisms are conserved requires some knowledge about the molecules and 
mechanisms of ancestral organisms. We would like to understand when these proteins 
first arose and what functions they had at various stages of animal evolution. The 
existence of proteins with TPR motifs N-terminal to GoLoco motifs in worms, flies and 
vertebrates suggests an ancient origin of this protein family, in early bilateral animals. At 
this stage in animal evolution, it is likely that TPR-GoLoco proteins functioned in mitotic 
spindle orientation, perhaps in response to intrinsic polarity cues, since this function is 
common to worms, flies and vertebrates. 
 We have found proteins with at least one TPR motif N-terminal to a GoLoco 
motif by a CDART search [95] in more distantly related animals, such as placozoans and 
cnidarians, and even outside of the animals, in a unicellular choanoflagellate, 
Salpingoeca. The presence of these proteins in the broad diversity of animals plus a 
choanoflagellate -- thought to be a sister group to the animals [96] -- suggests that TPR-
GoLoco proteins existed before bilateral animals arose, in the ancient, ancestral animals 
present more than 500 million years ago. Whether TPR-GoLoco proteins functioned in 
spindle orientation this early is not clear. Determining whether distantly related 
organisms such as cnidarians or choanoflagellates use TPR-GoLoco proteins to orient 
mitotic spindles will help in addressing this. 
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 When did TPR-GoLoco proteins acquire a role in mediating instructive, 
intercellular cues? To date, solid evidence that TPR-GoLoco proteins mediate instructive 
extracellular cues for spindle orientation exists only in Drosophila sensory organ 
precursors. In systems where there is not yet solid evidence addressing this specific point, 
experimentally moving the extracellular cues to new positions will make it possible to 
determine if this is the case. This protein family might have initially functioned in spindle 
orientation independently of intercellular signaling, and these proteins might have been 
co-opted by intercellular signaling pathways later. Work toward understanding the 
mechanisms by which TPR-GoLoco proteins function with intercellular signaling, in 
diverse systems, may be important for answering the more general question of how 
signaling between cells can orient cell divisions in ways that can lead to normal 
development and tissue organization. 
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FIGURES 
Figure 1.1. Polarity establishment by intrinsic cues, permissive external cues, and 
instructive external cues 
 
(A) Some cells align their mitotic spindles independent of external signaling cues. 
Polarity domains ‘A’ and ‘B’ are nonspecific and could represent ‘Anterior’ and 
‘Posterior’ polarity, ‘Apical’ and ‘Basal’ polarity, ‘Dorsal’ and ‘Ventral’ polarity, etc, 
depending on the specific cell type.  
(B) Permissive external cues: Some cells require an external cue (black arrowheads) for 
polarization and spindle alignment, but the position of that cue does not convey positional 
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information to cell polarity: moving the cue has no effect on cell polarity or spindle 
orientation (middle). Absence of these cues leads to polarity defects and defects in 
spindle orientation (right). 
(C) Instructive external cues: Some cells are polarized by instructive external cues (black 
arrowheads), where changing the position of the cue changes the orientation of polarity 
and division. Experimentally moving the position of an extrinsic cue differentiates 
between permissive (B) and instructive (C) functions in spindle orientation. 
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Figure 1.2. Model of the TPR-GoLoco protein complex 
 
(A) Schematic showing how the TPR-GoLoco protein complex forms a link between 
microtubules and the plasma membrane, after [62]. Red arrows show tubulin 
depolymerization from the plus end of the microtubule. Proteins are depicted roughly 
proportional to their relative sizes.  
(B) Enlargement of part of (A), with additional associated proteins included. See text for 
details. Gα is myristoylated (pink line), associating it with the plasma membrane. 
Inscuteable links Par3/Baz to TPR-GoLoco proteins in some cells such as Drosophila 
neuroblasts [53], but this interaction is absent in cells such as MDCK cyst cells and 
Drosophila SOPs, where Par3/Baz localizes in a reciprocal cortical pattern to TPR-
GoLoco protein [37, 75]. 
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Figure 1.3. Intercellular signaling functions as an instructive cue for spindle 
orientation mediated by the TPR-GoLoco protein Pins in Drosophila SOP cells.  
 
(A) Extracellular signals from Frizzled, Strabismus, and Flamingo control Pins cortical 
localization and cell polarity. See text for details. Two functional isoforms of Flamingo 
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have been proposed: F-Flamingo and V-Flamingo [48]. F-Flamingo is proposed to 
interact with and be induced by Frizzled in the same cell, while V-Flamingo is proposed 
to interact with Vang in the same cell [74]. 
(B-C) Schematics after [35, 76]. (B) A view from the embryo’s surface of an SOP cell. 
Colored crescents represent polarized localization of proteins shown in (A), using the 
same colors. (C) Schematic of localization of the relevant cortical proteins controlling 
division along the axis of polarity and within the plane of the epithelium. Black lines 
represent the orientation of the mitotic spindle. 
(D) Schematic of SOP clone border analysis from experiments described in [15]. Loss of 
Fz or Vang on one side of a SOP cell results in altered polarization of Pins and another 
anterior cortical protein called Partner of Numb (Pon), and alignment of the mitotic 
spindle. Black arrows represent spindle alignment, and crossed black lines on the far right 
panels represent randomization of the division axis in the absence of external cues. SOPs 
in the far right two panels still polarize and divide asymmetrically in the absence of PCP 
signaling, but in a random orientation.  
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CHAPTER 2  
Dynamic localization of the C. elegans GoLoco proteins GPR-1/2 mediates mitotic 
spindle orientation in response to extrinsic signals 
 
This chapter is adapted from a manuscript that was submitted the journal Development.  
Minna Roh-Johnson did the preliminary analysis of mCherry::GPR-1 dynamics using 
live imaging and FRAP, initiating this project.  I preformed all experiments and created 
all the figures, excluding Figure 2.1A and 2.13G, presented in this section.  Figure 2.1A 
and 2.13G were created by Bob Goldstein.  I wrote the first draft of this paper and Bob 
Goldstein and I together wrote subsequent drafts and the version submitted to 
Development.     
 
ABSTRACT 
Normal regulation of mitotic spindle orientation plays key roles in development 
and contributes to preventing tumorigenesis. In many cases, cell divisions are oriented 
by signals from neighboring cells. However, very little is known about how mitotic 
spindle orientation is established by signaling between cells. GoLoco-domain proteins 
(C. elegans GPR-1/2, Drosophila Pins, vertebrate LGN and AGS3) are good candidates 
for mediating spindle orientation in response to extrinsic signals, as they are key 
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players in cell-autonomous mitotic spindle orientation, linking plasma membrane-
associated Gα proteins to microtubule-associated proteins.  In C. elegans, the GoLoco-
domain protein pair GPR-1/2 has been implicated in orienting the spindle of an 
endomesodermal precursor cell, EMS, toward an accumulation of GPR-1/2 at the point 
of contact between EMS and its neighbor, the germline precursor cell P2. Because it is 
difficult to resolve the cell of origin for such cortically-distributed proteins, we 
generated mosaic embryos with different fluorescent tags on GPR-1/2 in different cells. 
Using this system, we found that GPR-1/2 is surprisingly uniform in the EMS cell, but 
that it is asymmetrically distributed in the neighbor cell, P2. Indeed, P2 depended on 
cortically-tethered GPR-1/2 for normal division orientation. We demonstrate that 
intercellular signaling via MES-1 plays an instructive role in localizing GPR-1/2 
asymmetrically in P2. We ruled out a model suggesting that cortical GPR-1/2 
localization in P2 occurred through inhibition of LET-99, a GPR-1/2 antagonist. 
Instead, our investigations suggested that GPR-1/2 accumulated through diffusion and 
preferential trapping at one cell contact, coupled with destabilization at another cell 
contact. Once the mitotic spindle of P2 is oriented normally, microtubule-dependent 
removal of GPR-1/2 prevented excess accumulation. We conclude that the dynamic 
localization of GPR-1/2 can serve as a key intermediate relaying positional information 
from one cell to the alignment of a mitotic spindle in the neighboring cell. Together 
with previous findings, our results demonstrate that GoLoco-domain proteins are 
localized by multiple signaling pathways. We propose that orientation of mitotic 
spindles by intercellular signaling via GoLoco-domain protein localization may be a 
fundamental and widespread mechanism in animal development.  
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INTRODUCTION 
Normal division orientation of metazoan cells is essential for cell 
diversification, development of tissue organization, and tissue homeostasis [1]. A 
growing body of evidence suggests that misregulating cell division orientation 
contributes to cancer development [2].  
We would like to understand how cell division orientation is regulated in animal 
cells. In diverse animal systems, a conserved protein complex has been implicated in 
orienting mitotic spindles and thus the mitotic division plane [3-13]. This complex is 
composed of a plasma membrane-anchored Gα protein (GPA-16 and GOA-1 in C. 
elegans) that binds a GoLoco-domain protein (in C. elegans, two nearly identical 
proteins, GPR-1 and GPR-2; we use "GPR-1/2" to refer to the protein pair), which links 
to microtubules through a microtubule associated protein (LIN-5 in C. elegans) and 
dynein, and/or through the Discs large protein and a kinesin [1]. This protein complex 
serves as a plasma membrane-anchored microtubule-binding complex, which is 
necessary for generating pulling forces on astral microtubules in C. elegans, resulting in 
orientation of mitotic divisions toward sites where complete complexes assemble [14, 
15]. 
Cell divisions can be oriented both by intrinsic polarity cues and by extrinsic, 
intercellular signals [1, 16]. While cell division orientation by intrinsic polarity cues is 
studied extensively [17], the molecular mechanisms by which extrinsic signals can 
induce mitotic division orientation remain poorly understood. There is some evidence 
that extrinsic signals might function not just as permissive signals that allow normal 
spindle orientation, but instead as the key, upstream positional cues that determine 
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spindle orientation (instructive signals) [18-20]. This suggests that extrinsic cues can 
transmit spatial information via intracellular molecules to orient spindles, possibly 
through known players such as the GoLoco-domain protein complex. 
In many cases, the positions of cell-cell or cell-extracellular matrix contacts are 
predictors of spindle orientation, and hence might play a role in spindle orientation. In 
some of these cases, GoLoco-domain proteins have been identified as key regulators of 
normal division (Figure 2.1A). In vertebrate epithelial cell divisions in skin, lung, 
neuroepithelia, and developing cysts, as well as in T cells, GoLoco-domain proteins are 
positioned near cell-cell contacts [3-8] or away from cell contacts [9] and are required 
for normal spindle orientation. In mammalian cysts, mislocalization of Gα results in the 
mislocalization of both the associated GoLoco-domain protein, called LGN, and the 
mitotic spindle [21]. This demonstrates that Gα localization is required for normal 
spindle orientation, possibly through its effects on tethering LGN to the plasma 
membrane. However, none of these systems listed above distinguishes whether GoLoco 
protein localization is responding to extrinsic cues or whether cell contact positions 
merely coincide with the positions of internal polarity signals.  
In all of the systems listed above, cell-cell contacts might determine GoLoco-
domain protein localization, or GoLoco-domain protein localization might be 
responding to intrinsic polarity cues independent of cell-cell contacts. Distinguishing 
between these possibilities will require experiments in which GoLoco domain protein 
localization is followed after cell contacts or candidate intercellular signals are moved 
to new positions. In Drosophila neuroblasts, extrinsic cues have been proposed to 
orient mitotic spindles [22-24], and this system also involves a GoLoco-domain protein, 
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although GoLoco domain protein localization has not been examined after moving 
extrinsic cues. Thus, it is unclear if GoLoco-domain proteins function as intermediates 
between cell-cell signaling and spindle orientation in this system. 
In Drosophila sensory organ precursor cells, extrinsic cues act through the 
planar cell polarity (PCP) proteins Van Gogh and Frizzled to orient the mitotic spindle, 
and a GoLoco-domain protein has been implicated in division orientation [18]. 
Interestingly, intercellular signals have been moved experimentally in this system, by 
generating clones of cells that lack functional Van Gogh or Frizzled. Cells at the edges 
of these patches localize the GoLoco-domain protein in ectopic positions that depend 
on the orientation of intercellular PCP signaling [18]. This result demonstrates in this 
system a clear, instructive effect of intercellular signaling on the positioning of a 
GoLoco-domain protein. Is this representative of a fundamental mechanism by which 
cell-cell signaling orients mitotic spindles in animal systems? Do other systems position 
GoLoco-domain proteins downstream of intercellular signaling? What are the 
mechanisms of GoLoco-domain protein movement and asymmetric localization in such 
systems? We are addressing these central questions in the understanding of how cell-
cell signaling orients mitotic spindles, using the four-cell stage C. elegans embryo as a 
model.  
 In the four-cell stage C. elegans embryo, two cells use intercellular signaling to 
orient their mitotic spindles toward a shared cell-cell contact [25, 26] (Figure 2.1A). A 
germline precursor cell, called P2, signals to an endomesodermal precursor, called 
EMS, via two signaling pathways, a Wnt pathway and a MES-1 pathway (a novel 
receptor tyrosine kinase-like transmembrane protein that functions upstream of a Src 
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kinase, SRC-1). EMS, in turn, signals to P2 via MES-1 [27-29] (Figure 2.1B). MES-1 is 
required for GPR-1/2 enrichment at the P2-EMS contact [12, 30], and this is assumed to 
reflect an asymmetric accumulation of GPR-1/2 within at least the EMS cell [12, 30-
33]. MES-1 is required in both the P2 and EMS cells for normal EMS division 
orientation, and it is also required for normal P2 division orientation [12, 25, 29, 30] 
(Figure 2.1B). The Gα-GoLoco complex has been implicated in division orientation in 
EMS, as shifting a temperature-sensitive allele of Gα to a nonpermissive temperature 
disrupts normal spindle orientation in EMS [30]. 
In this paper, we demonstrate that the GoLoco-domain protein pair GPR-1/2 
does not localize asymmetrically in the endomesodermal precursor cell EMS, contrary 
to expectations [12, 30-33], but it does localize asymmetrically in its neighbor, a 
germline precursor cell (P2). We then sought to address two questions that are central to 
understanding how cell-cell signaling orients mitotic spindles: 1.) Does the GoLoco-
domain protein mediate spindle orientation by intercellular signaling? 2.) How is 
asymmetric localization of the GoLoco-domain protein achieved? Our results 
demonstrate that GPR-1/2 does indeed function in centrosome positioning in the 
germline precursor, and that excessive GPR-1/2 can result in loss of germline 
development. We next ask how GPR-1/2 becomes localized, and we show that 
intercellular signaling via MES-1 plays an instructive role in localizing GPR-1/2; that 
asymmetric GPR-1/2 localization is established by destabilization at one cortical site, 
diffusion, and stabilization at another cortical site; and that once the mitotic spindle is 
oriented normally, microtubule-dependent removal of GPR-1/2 prevents its excessive 
accumulation. Our results demonstrate that dynamic localization of GPR-1/2 can serve 
 39 
as a key intermediate that relays positional information from intercellular signaling to 
the alignment of a mitotic spindle, and it sheds light on how asymmetric localization of 
GPR-1/2 is achieved downstream of extrinsic cues. 
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MATERIALS AND METHODS 
Strains 
Strains (Table 2.1) were maintained at 20oC as in [34]. Sterility tests were carried out at 
25oC. Temperature-sensitive alleles were shifted to 25oC during the two-to-three cell 
stage.  
 
Imaging 
Images were acquired as in [35], except embryos were illuminated with 488nm, 514nm, 
or 568nm light using a water-cooled Innova 70C Spectrum laser, and images were 
acquired every 15 seconds. Images were acquired using a 60x Plan Apo 1.4NA objective 
(Nikon), except worm images in Fig. 4D, which were acquired using DIC optics on a 
Nikon Eclipse E800 with a 20x Plan Fluor 0.50NA objective (Nikon) and a Spot Insight 
2-Megapixel camera. FRAP was carried out on an inverted Eclipse TE2000 (Nikon) with 
a multi-beam confocal imaging system (VT-HAWK; VisiTech) using a 25mW solid state 
491nm laser and a 16-bit cooled CCD camera (Orca R2; Hamamatsu). A 3.5x3.5µm 
region of interest (ROI) was photobleached at 100% laser power for 400-650ms. Images 
were acquired at 1s intervals starting 183ms after photobleaching. In Fig. 7 and Fig. S6, 
‘early’ FRAP is 720-540 seconds prior to initiation of EMS division, and ‘late’ FRAP is 
270-90 seconds before initiation of EMS division.  
 
Analysis and quantification of imaging 
Intact embryos: Using Metamorph, the average values along a three pixel wide linescan 
passing perpendicularly through each border of interest (the brightest portion of the P2-
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EMS contact, and the center of the P2-ABp and EMS-ABp contacts), through the 
cytoplasm, and through off-embryo background were used to generate a kymograph of 
the time-lapse (Fig. 1C,D). From the kymograph, maximal pixel intensities along each 
cell-cell contact, as well as average cytoplasmic and background signal intensities were 
recorded. Cytoplasmic signal and cell-cell contact signals were calculated by subtracting 
off-embryo pixel intensities. The start of EMS division was defined here by when the 
indentation of cytokinesis was first seen. 
Cell manipulations: Quantification of GPR-1 signal at P2-EMS contacts, as in Fig. 2 and 
3, was done by the method of [36]. Three independent measurements just prior to P2 
alignment were taken and averaged as the measurement for that recombination. As this 
method does not work well for signal at curved membranes, quantification of GPR-1 
signal in Fig. S4 was carried out as follows: A 5 pixel wide ROI was drawn to encompass 
each region depicted in Fig. S4, or a portion of the cytoplasmic signal. Maximal pixel 
intensities were recorded along that line for three separate time points during a 90s time 
window around maximal accumulation of GPR-1 at the endogenous P2-EMS contact. The 
average of these pixels values was reported as the value for that membrane in that 
experiment. All graphs and data analysis were done in Excel. 
 
FRAP 
Fluorescence intensity in photobleached areas was calculated as a ratio over cytoplasmic 
background and normalized to 100% at t=-1s for each FRAP experiment. Normalized 
FRAP curves for each experiment were adjusted for non-specific photobleaching due to 
imaging conditions as demonstrated in Fig. S5A-C, plotted with Prism 5 (GraphPad 
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Software), and fitted with one-phase exponentials. Embryos that showed an 
overexpression phenotype as in Fig. 4 were excluded from FRAP analysis.  
 
Immunofluorescence and Western Blotting 
Immunostaining was carried out as in [37] but with a 15 minute fix in 50% Acetone and 
50% MeOH at –20oC, and the secondary fix time was reduced to 4 minutes. Antibodies 
and dilutions used were: DM1α 1:300 (Sigma-Aldrich), GPR-2 1:300 (a gift from 
Monica Gotta [11]), Rhodamine Red-X goat anti-mouse 1:2000 (Invitrogen), Cy2-
conjugated goat anti-rabbit 1:2000 (Millipore). For Western Blotting, antibodies and 
dilutions used were as follows: DM1α 1:1500, GPR-2 from [11] 1:1000, αEGFP 1:500 
(Clontech, #632569), αmCherry 1:100 (Clontech, #632543), ECL Peroxidase labeled 
anti-rabbit 1:2000 (GE Healthcare), ECL Peroxidase labeled anti-mouse 1:2000 (GE 
Healthcare). For both immunofluorescence and Western blotting, GPR-2 antibodies, 
received as gifts from the van den Heuvel Lab [12] and the Rose Lab [30], were also 
tested with similar results (data not shown). 
 
Cell Manipulations  
Cell isolations were preformed as described in [38], with the following alteration: 
Chitianse from Serratia marcescens was substituted with chitinase from Streptomyces 
griseus (Sigma, C6137) at a concentration of 10U/mL. Pairs of P2-EMS sister cells were 
recombined between 2-4 minutes after completion of division as judged visually under a 
dissecting microscope. Cells were mounted in Shelton’s Growth Media [39] and imaged 
as described above.  
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Defining alignment of P2 and EMS as in Fig. 3: EMS: Both centrosomes in a single EMS 
cell were scored as aligned toward both P2 cells if both ends of the mitotic spindle, or the 
two resulting nuclei forming in telophase of EMS division, were closer to the P2 cells 
than was a line drawn from the outer edge of one P2-EMS contact through the EMS cell 
to the other P2-EMS contact. EMS cells were scored as aligned toward only the sister cell 
or only the ectopic contact if they had one centrosome beyond this line when EMS started 
division or one nucleus beyond this line at telophase. P2: One end of the P2 spindle was 
considered aligned toward both EMS cells when one of the centrosomes rocked back and 
forth between one EMS and the other prior to initiating division. Alignment toward only 
one EMS cell was scored when one P2 centrosome moved toward one EMS cell without 
showing motion toward the other EMS cell. Alignments were reported only for cell 
manipulations where the two sets of P2-EMS pairs divided within three minutes of one 
another, as we found that larger differences in age between P2-EMS pairs showed 
different patterns of divisions in P2 and EMS: Older sister pairs tended to align toward 
one-another, while very young sister pairs tended to align toward older pairs (data not 
shown).  
 
RNAi 
dsRNA preparation and injection was carried out as described in [40]. dsRNA feeding 
was carried out as described in [41]. As a control to confirm that the YFP::LET-99 strain 
was sensitive to RNAi knockdown, we performed knockdown of gpr-2 in this strain (Fig. 
S1A).  
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Nocodazole  
Embryos were preameablized for drug delivery as described in [42], except embryonic 
culture medium was replaced with Shelton’s Medium [39]. 2mM stock nocodazole 
(Sigma) in DMSO was dissolved in Shelton’s Medium to a final concentration of 40uM. 
This concentration was found to sufficiently depolymerize astral microtubules in a 
YFP::α-tubulin strain (data not shown). Nocodazole was applied as in [35]. Embryos 
were imaged prior to birth of P2 and EMS until several minutes after when EMS would 
have normally divided.  
 
Statistics 
All bar and line graphs are presented with error bars representing 95% confidence 
intervals. All reported p-values were calculated by using two-tailed student’s t-tests in 
Excel. 
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RESULTS 
Live imaging of transgenic GPR-1 accurately reports the dynamic enrichment of 
GPR-1/2 at the P2-EMS contact 
To understand how GPR-1/2 becomes dynamically localized in response to 
intercellular signaling, we used live imaging in the four-cell stage embryo and followed 
the localization of fluorescently-tagged proteins produced by two different transgenes: 
mCherry::GPR-1 and YFP::GPR-1 (Figure 2.1; Figure 2.2D), both of which were 
designed with C. elegans codon bias [43]. (GPR-1 and GPR-2 are 97% identical at the 
nucleotide level and are 99% similar at the amino acid level [10]. From here on, we will 
use GPR-1/2 to refer to the endogenous protein pair, and GPR-1 to refer to our transgenic 
versions). By all criteria that we tested, GPR-1 transgenes are a reliable readout for 
endogenous protein localization and function: First, both transgenes produce proteins of 
the expected size (Figure 2.2C). Second, the tagged proteins localize in the same pattern 
as endogenous protein at the four-cell stage (compare Figure 2.1C-E; Figure 2.2D; and 
Figure 2.3) and can fully rescue lethality from knockdown of endogenous gpr-1/2 by 
RNAi (Figure 2.2A,B). Third, mCherry::GPR-1 behaves like endogenous GPR-1/2 in the 
cell signaling-disrupted backgrounds of src-1(RNAi) and mes-1(bn74) embryos [12, 30]: 
It is reduced at the P2-EMS contact, and this reduction is especially temperature sensitive 
in mes-1 mutants (Figure 2.4).  
These reporter strains allow us to dynamically observe GPR-1/2 localization that 
had previously only been captured in fixed images. Embryos expressing either transgene 
--mCherry::GPR-1 (Figure 2.1C-E) or YFP::GPR-1 (Figure 2.2D) -- showed a gradual 
enrichment of tagged GPR-1 at the P2-EMS contact through the four-cell stage, peaking 
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before the cells entered mitosis. Other cell-cell contacts showed less GPR-1 
accumulation, as expected [11, 12, 30], and little change in total levels over time (Figure 
2.1C-E, Figure 2.2D). 
It has previously been proposed that GPR-1/2 localization occurs independent of 
Wnt signaling at the P2-EMS cell contact. These conclusions are based on evidence that 
embryos with a mutant Wnt receptor MOM-5 (Frizzled) retain GPR-1/2 enriched at the 
P2-EMS contact [12, 30]. However, because mom-5 mutants are known to have variable 
penetrance for certain Wnt pathway-dependent readouts [44], we re-tested this 
phenomenon more stringently by disrupting the Wnt ligand instead of its receptor. Upon 
quantifying mCherry::GPR-1 localization in a strong Wnt ligand mutant, mom-2(or309), 
we found that cortical GPR-1 localization was unaffected (Figure 2.4C-F). This confirms 
that GPR-1/2 accumulates independently of Wnt signaling. Taken together, these 
experiments support our reporter fusions as a reliable proxy of wild-type GPR-1/2 
accumulation downstream of intercellular signaling. 
   
GPR-1 is localized asymmetrically in the P2 cell, not the EMS cell, and is positioned 
instructively by MES-1 signaling 
 Results showing that MES-1/SRC-1 signaling is required for normal alignment of 
both P2 and EMS divisions [12, 25, 30] suggested that GPR-1/2 might be asymmetrically 
enriched at the P2-EMS contact in both the P2 and EMS cells. To identify the cell(s) of 
origin of the GPR-1 signal and to determine the role of signaling in positioning GPR-1, 
we created mosaics composed of different GPR-1 fluorescent reporters by combining 
dissected P2-EMS pairs in specific orientations (Figure 2.5). First, we tested whether we 
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could experimentally recruit GPR-1 to ectopic sites with ectopic cell contacts. We 
combined two pairs of P2-EMS cells expressing mCherry::GPR-1 in an antiparallel 
orientation (Figure 2.5A) and found that ectopic P2-EMS contacts (contacts between non-
sister P2-EMS cells) and endogenous P2-EMS contacts (contacts between sister P2-EMS 
cells) recruited indistinguishable levels of protein (Figure 2.5B). This result suggests that 
the ectopic P2-EMS contacts can recruit GPR-1 as endogenous P2-EMS contacts do, and 
hence that cell-cell contact can enrich GPR-1 at a cortical site. This appears to depend on 
MES-1 signaling specifically at the P2-EMS contact, as control recombinations between 
P2-EMS pairs and the other two cells of the four-cell stage, ABa and ABp – referred to as 
ABx here, and contacts with P2-EMS pairs that lack MES-1, failed to accumulate similar 
levels of mCherry::GPR-1 (Figure 2.6A,E,F). We conclude that MES-1 signaling at 
ectopic P2-EMS contacts can recruit cortical GPR-1 to levels comparable to levels at 
endogenous P2-EMS contacts.   
To test whether the ectopic accumulation of GPR-1 arises due to accumulation in 
the EMS cell, the P2 cell, or both, we combined P2-EMS half-embryo sister-pairs in 
which each pair contained a distinct fluorescent label on GPR-1 (Figure 2.5C,C’). 
Observation of these mosaics suggested that the P2 cell contributed most of the GPR-1 
signal to the P2-EMS contact (Figure 2.5C’). To assess this quantitatively, we combined 
labeled P2-EMS sister pairs with unlabeled wild-type P2-EMS sister pairs as described 
above. We found that P2 contributed significantly more GPR-1 signal than EMS, using 
either the mCherry::GPR-1 or YFP::GPR-1 strains (Figure 2.5D-G). Surprisingly, GPR-1 
is not asymmetrically distributed in the EMS cell (Figure 2.5D’,F’, Figure 2.7). We 
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conclude that the TPR-GoLoco protein, GPR-1/2, is asymmetrically localized in the P2 
cell, and not in the EMS cell.  
 
Normal cortical enrichment of GPR-1 in P2 is important for spindle alignment and 
germline development  
We sought to test whether TPR-GoLoco protein asymmetry is required for normal 
asymmetric division of the P2 cell. We showed above that specific cell contacts and 
MES-1 are required for GPR-1 localization in the P2 cell. In these experiments, we 
noticed that spindle orientation in P2 similarly depended on specific cell contacts and 
MES-1 (Figure 2.6A-D), consistent with previous work on P2 division asymmetry [25]. 
The parallel effects on GPR-1 localization and spindle alignment might reflect a 
requirement for GPR-1/2 in spindle alignment. To test this hypothesis, we interfered with 
GPR-1/2 localization. Because GPR-1/2 is required before the 1-cell stage [45], we 
interfered with GPR-1/2 localization at the four-cell stage using gpa-16(it143), a 
temperature sensitive allele of one of GPR-1/2’s cortical Gα tethers. We found 
diminished GPR-1 accumulation at the P2-EMS contact in upshifted gpa-16(it143) 
embryos (Figure 2.4D-F), associated with spindle orientation defects in P2 (Figure 2.8A), 
consistent with a role for normally-localized GPR-1 in the P2 cell. As expected, a mes-1 
mutation produced a similar phenotype of diminished GPR-1 accumulation at the P2-
EMS contact (Figure 2.4B-F, [12, 30] and P2 orientation defects (Figure 2.8A). These 
experiments suggest that loss of GPR-1 asymmetry in P2 results in P2 division orientation 
defects. 
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Because loss of asymmetric GPR-1 localization in P2 is associated with spindle 
orientation defects, and GPR-1/2 is a force-regulating component of the spindle 
orientation complex at the one-cell stage [45], we hypothesized that GPR-1/2 in P2 might 
play a similar role at the four-cell stage, contributing to forces that position the P2 
spindle. To test this, we determined whether raising the GPR-1 level above its normal 
level would result in specific defects in centrosome positioning. To do this, we exploited 
a YFP::GPR-1 strain that we found by western blot produces more GPR-1 (Figure 2.2C) 
and results in greater GPR-1 asymmetry than endogenous protein when assayed by 
quantitative microscopy (Figure 2.8B). We saw that in some embryos of the YFP::GPR-1 
background (6/48, 12.5%), the P2 centrosome closer to the P2-EMS contact disassociated 
from the nuclear envelope, moved toward the contact with EMS, and then back to the 
nucleus, and this repeated several times (Figure 2.8C,D). The other centrosome in P2 and 
both centrosomes in EMS did not oscillate similarly; only the centrosome close to the site 
of YFP::GPR-1 enrichment showed such oscillations, although smaller, brief movements 
of the other centrosome in P2 away from the nucleus were sometimes seen (Figure 2.8C). 
We never observed this oscillating behavior in wild-type embryos nor in mCherry::GPR-
1 embryos, which have a lower ratio of GPR-1 signal at the time of centrosome alignment 
(Figure 2.8B). The periodic nature of this movement appears similar to that of spindle 
oscillations seen when the mammalian homolog of GPR-1/2, LGN, is overexpressed in 
cell culture [46], and similar to that of posterior centrosome oscillations caused by GPR-
1/2 mediated spindle pulling forces during the one-cell stage in C. elegans [15] (Figure 
2.8D). This suggested to us that these abnormal centrosome movements might result from 
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a similar increase in pulling forces at the site of contact with EMS in the presence of the 
additional GPR-1 that we measured at this site.  
It has been shown in the one-cell stage embryo that adding more GPR-1 protein to 
the embryo can result in additional GPR-1 recruitment to the cell cortex and increased 
pulling forces on the mitotic spindle [43]. Thus, an increase of the GPR-1 signal at the P2-
EMS contact suggests that the binding sites for GPR-1 at this contact are not normally 
saturated. We predicted that these binding sites depended on MES-1/SRC-1 signaling, 
and hence that MES-1/SRC-1 signaling would be required for excess GPR-1 to cause the 
abnormal centrosome movements described above. We found that MES-1/SRC-1 
signaling is indeed important for transgenic GPR-1 enrichment at the P2-EMS contact 
(Figure 2.4), and the P2 centrosome phenotype depended on SRC-1, as oscillations were 
never seen in YFP::GPR-1; src-1(RNAi) embryos (0/22). These results suggest that MES-
1/SRC-1 signaling is required for the accumulation of additional GPR-1 to the P2-EMS 
contact if more GPR-1 is present, and that excess GPR-1 can result in defects in the P2 
cell that are consistent with misregulation of forces at this cortical site.  
Increased GPR-1 at the P2-EMS contact was also associated with developmental 
consequences. In mes-1 animals, lack of GPR-1 enrichment at the P2-EMS contact is 
associated with P2 spindle orientation defects (Figure 2.8E), missegregation of 
cytoplasmic germ granules, and a worm lacking a germline [12, 29, 30, 47]. We found 
that some of the YFP::GPR-1 worms (20/316, 6.3%) also developed without a germline 
(Figure 2.8E), suggesting that too much or too little GPR-1/2 at the P2-EMS contact may 
both result in the same terminal phenotype.  
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From these experiments we conclude: 1) GPR-1 binding sites at the P2 side of the 
P2-EMS contact are not normally saturated; 2) overexpressing GPR-1 can allow MES-
1/SRC-1 signaling to recruit excess GPR-1 in P2 at the contact with EMS; and 3) 
mislocalization of GPR-1 or excess GPR-1 can be associated with spindle defects in P2 
and worms that develop without a germline. We conclude that the level of GPR-1/2, and 
possibly the specific level of GPR-1/2 in P2 at the site of contact with EMS, is likely to be 
important in normal spindle orientation. These results prompted us to investigate how 
GPR-1/2 normally becomes localized asymmetrically and at a specific level. 
 
MES-1/SRC-1 signaling localizes GPR-1 independently of a cortical GPR-1 antagonist, LET-99 
 Results above suggested that intercellular MES-1/SRC-1 signaling is involved in 
the enrichment of GPR-1 in the P2 cortex, at the site of contact with EMS. How does 
MES-1/SRC-1 do this? To begin to answer this question, we examined a possible role for 
a cortical GPR-1/2 antagonist. In the four-cell stage embryo, GPR-1/2 becomes enriched 
at the P2-EMS contact, and an upstream negative regulator of cortical GPR-1/2, the DEP 
domain protein LET-99, becomes excluded from this site and enriched at all other cell-
cell contacts [30]. In the one-cell embryo, LET-99 antagonizes GPR-1/2, preventing its 
cortical localization and down-regulating GPR-1/2-mediated pulling forces on astral 
microtubules [48].  It has been hypothesized that MES-1/SRC-1 signaling acts through 
exclusion of LET-99 at the P2-EMS contact, allowing GPR-1/2 enrichment [30]. 
However, it remains possible that GPR-1/2 may be enriched at the P2-EMS contact by 
MES-1/SRC-1 signaling independent of LET-99.  
To distinguish between these hypotheses, we quantified YFP::LET-99 
localization at cell-cell contacts of interest over time (Figure 2.9A,B). This revealed that 
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transgenic YFP::LET-99 behaves like endogenous LET-99 [30], with the level at the P2-
EMS contact being significantly lower than that at the P2-ABp and EMS-ABp contacts 
(Figure 2.9A,B; Figure 2.10A,F). Upon reduction of MES-1/SRC-1 signaling by mes-
1(RNAi) or src-1(RNAi), the P2-EMS contact no longer appears to have more GPR-1/2 
than other contacts, by examining both endogenous protein level [12, 30] and 
mCherry::GPR-1 (Figure 2.9D; Figure 2.10B,C,G). However, this change in GPR-1 level 
was not associated with a local accumulation of YFP::LET-99 (Figure 2.9C,D). Indeed, 
YFP::LET-99 level after mes-1 or src-1 RNAi remained lower at the P2-EMS contact 
than at the EMS-ABp contact (Figure 2.10D-F), even though YFP::LET-99 accumulation 
at the P2-ABp and EMS-ABp cell-cell contacts was reduced (compare Figure 2.9Bwith 
Figure 2.10D-E). This result appears at first to differ from the interpretation of a similar 
experiment where authors showed that in a mes-1 background, levels of LET-99 at the 
P2-EMS contact approached that at other contacts [30]. Our results are not inconsistent 
with the previous results, as a reduction of LET-99 signal at cell-cell contacts other than 
the P2-EMS contact does make the signal at the P2-EMS contact relative to elsewhere 
appear higher than it does in wild type (Figure 2.9D). To reconcile these interpretations, 
we quantified the YFP::LET-99 signal at the P2-EMS contact. We found no significant 
difference between wild type, mes-1(RNAi), or src-1(RNAi) backgrounds (Figure 2.9C). 
Moreover, reduced YFP::LET-99 at the EMS-ABp and P2-ABp contacts in mes-1(RNAi) 
and src-1(RNAi) embryos was not associated with an increase in mCherry::GPR-1 at 
these contacts (compare Figures 2.1E, 2.10B, and 2.10C; Figure 2.10G).   
Thus, from these experiments we conclude: 1) MES-1/SRC-1 signaling functions 
to recruit GPR-1/2 to the P2-EMS contact independently of a previously-hypothesized 
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MES-1/SRC-1-dependent exclusion of LET-99 from this contact, or of any LET-99-
dependent exclusion of GPR-1/2 from other cell contacts; 2) MES-1/SRC-1 signaling has 
a role in recruitment of LET-99 to the P2-ABp and EMS-ABp contacts; and 3) the 
absence of LET-99 accumulation at the P2-EMS contact seen after compromising MES-
1/SRC-1 signaling is not sufficient to allow GPR-1 enrichment at this site. These results 
suggest that MES-1/SRC-1 signaling does not affect GPR-1 localization at the P2-EMS 
contact through local regulation of LET-99 levels. The results suggest more generally 
that the effects of LET-99 [30] and MES-1/SRC-1 signaling on GPR-1/2 localization at 
the four-cell stage are likely to be independent (Figure 2.9E). 
  
GPR-1 localizes asymmetrically by destabilization at one cell contact, diffusion, and stabilization at 
another cell contact 
 How does GPR-1/2 become enriched at the P2-EMS contact? Imaging 
mCherry::GPR-1 and YFP::GPR-1 at a central plane in the embryo (Figure 2.1C,D), or at 
the cortical surface (Figure 2.11D-D’) did not reveal any net movement of GPR-1 
punctae or any cytoplasmic (Figure 2.1D) or cortical flow of GPR-1 toward the P2-EMS 
contact. Because labeled GPR-1 cannot be seen moving toward the P2-EMS contact 
where it is accumulating, we sought a method to quantitatively measure changes in GPR-
1 dynamics at this and other cell contacts over time. To do this, we performed FRAP 
experiments on YFP::GPR-1 at all cell-cell contacts of interest early and late during the 
P2 and EMS cell cycles (see Supplemental Experimental Procedures for definitions of 
‘early’ and ‘late’).  
Our analysis revealed that all cell-cell contacts show recovery of GPR-1 to nearly 
100% within 80 seconds, and little to no immobile population of protein (Figure 2.11C; 
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Figure 2.12E,F). Especially striking results were found when examining temporal 
changes in the rate of protein turnover at the P2-EMS and P2-ABp contacts, which 
showed complementary changes over time. The half-life of recovery (t-1/2) at the P2-
EMS contact lengthened more than three times from early in the cell cycle to late (Figure 
2.11C; t-1/2 changes from 7.26 ±1.82 sec to 23.02 ±6.16 sec). The t-1/2 at the P2-ABp 
contact showed an inverse pattern, decreasing by half from early in the cell cycle to late 
(Figure 2.11C; t-1/2 changes from 15.78 ±5.50 sec to 7.68 ± 2.45 sec). The t-1/2 did not 
change significantly at the EMS-ABp contact over time (Figure 2.11C). These results 
show that over time, YFP::GPR-1 associates more stably with the P2-EMS contact and 
less stably with the P2-ABp contact.  
 Together, lack of punctae movement or flow of protein toward the P2-EMS 
contact, combined with the relatively fast recovery time suggests that GPR-1 becomes 
enriched in the P2 cell at the contact with EMS by simple diffusion and binding to a site 
that increases its cortical stability, creating a diffusion trap [49]. The reciprocal changes 
at the P2-EMS and P2-ABp contacts (Figure 2.11C) also suggests that GPR-1 asymmetry 
is established by destabilization at one cell contact (P2-ABp), diffusion, and stabilization 
at another cell contact (P2-EMS). 
  
Once the mitotic spindle is oriented normally, microtubule-dependent removal of 
GPR-1/2 prevents excessive accumulation 
Our results above build a picture where GPR-1/2 localizes asymmetrically in the P2 cell by 
destabilization at one cell contact, diffusion, and stabilization at another cell contact.  The site of 
enrichment is determined by contact with P2 downstream of MES-1/SRC-1 signaling, and independent of 
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LET-99. The results also suggest that precise levels of GPR-1/2 may be important, as excess GPR-1/2 
resulted in centrosome oscillations between the nucleus and the site of contact with EMS.  
Interestingly, we noticed that after the peak level of mCherry::GPR-1 or 
YFP::GPR-1 at the P2-EMS border is reached, the level decreased as the cells approached 
mitosis (Figure 2.1E, Figure 2.2D). This suggests that there might be a mechanism that 
removes GPR-1 upon spindle alignment, preventing GPR-1 from reaching an excessive 
level where centrosome dissociation from the nuclear envelope might result in abnormal 
development. To test this, we first confirmed that this decrease in protein level is found 
for endogenous GPR-1/2 as well (Figure 2.3A,B). Next, we asked when GPR-1 level 
peaks relative to spindle alignment. We followed mitotic progression using YFP::α-
tubulin, and found that the peak in GPR-1 asymmetry at cell-cell contacts occurred 
precisely when P2 centrosome alignment toward the P2-EMS contact occurred (Figure 
2.13A-B). In both YFP::GPR-1 and mCherry::GPR-1 embryos, punctae of GPR-1 could 
been seen moving from the cell periphery toward the centrosomes, at a rate of 1.4 ±0.31 
µm/sec (n=8) (Figure 2.13C, and data not shown). Many punctae were seen coming off 
the P2-EMS contact when centrosomes, and thus astral microtubules, were aligned toward 
the contact (Figure 2.13D). Endogenous GPR-1/2 can also be seen near astral 
microtubules by immunostaining (Figure 2.3C), suggesting that these punctae are not an 
overexpression artifact.  
These results suggested that once the mitotic spindle is oriented normally, cortical 
GPR-1/2 level is limited by microtubule-dependent removal of GPR-1/2 particles from 
the site of contact with EMS. To test this hypothesis, we treated embryos with 
nocodazole, which disrupted microtubules (see Supplemental Experimental Procedures), 
and we quantified GPR-1 level at the P2-EMS contact over time (Figure 2.13E,F). We 
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found that if we treated the embryos with nocodazole at any time from the birth of EMS 
and P2 until the maximum peak of GPR-1 accumulation at the P2-EMS contact, then the 
GPR-1 level at this contact failed to decrease at the time when spindle alignment would 
normally occur. In fact, the level of GPR-1 continued to increase at a linear rate similar to 
that before spindle alignment, continuing to rise after the time when cell division would 
normally occur, and rising to cortical levels not normally found in untreated embryos 
(Figure 2.13F). We conclude that once the mitotic spindle is oriented normally, 
microtubule-dependent removal of GPR-1/2 prevents its excessive accumulation.  
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DISCUSSION 
Intercellular communication leading to oriented cell divisions is a fundamental 
but poorly understood process in development and homeostasis of multicellular 
organisms. Some of the molecules mediating spindle orientation by extrinsic cues have 
been identified, but much remains to be learned about how they function. Here, we 
present the first high-resolution time-lapse imaging of a GoLoco-domain protein that is 
involved in cell division orientation and that localizes cortically in response to 
intercellular signaling. We show that GPR-1 adopts an asymmetric localization pattern in 
a germline precursor cell, P2, and that this asymmetry peaks near the time of spindle 
alignment in this cell. We demonstrate that the position to which GPR-1 localizes in this 
cell is determined by cell-cell contact, and we show biological roles for GPR-1/2 in the P2 
cell. Given these findings, understanding how GPR-1/2 becomes localized became a 
central issue toward understanding how it can mediate cell division orientation 
downstream of cell signaling. To address this, we tested whether MES-1/SRC-1 signaling 
affects GPR-1 localization through a known antagonist, LET-99, disproving this 
hypothesis. Following GPR-1 dynamics by live imaging and FRAP showed that 
asymmetric localization is achieved by destabilization of GPR-1 at P2’s site of contact 
with ABp, diffusion, and stabilization at the site of contact with EMS. Finally, we 
demonstrated that cortical accumulation of GPR-1 in P2 at the site of contact with EMS is 
limited by microtubule-dependent removal. These results (diagrammed in Figure 2.13G) 
indicate that the dynamic and asymmetric localization of GPR-1/2 is an intermediate that 
relays positional information from intercellular signaling to the alignment of a mitotic 
spindle. Considered together with previous results from the Drosophila sensory organ 
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precursor system, where PCP signaling determines GoLoco-domain protein localization 
[18], our results lead to the conclusion that GoLoco-domain proteins can be localized by 
multiple intercellular signaling pathways (MES-1/SRC-1 shown here, and Planar Cell 
Polarity signaling via Frizzled and Van Gogh [18]). We propose that orientation of 
mitotic spindles by intercellular signaling via GoLoco-domain protein localization may 
be a fundamental and widespread mechanism in animal development, as it has been 
found in Drosophila and C. elegans, and because there is circumstantial evidence that 
intercellular signaling may provide instructive cues for spindle orientation via GoLoco 
domain protein localization in several other systems as well (see Introduction). 
 Surprisingly, our work demonstrated that P2 contributes significantly more GPR-1 
to the P2-EMS contact than EMS, and that P2 can orient the division of EMS independent 
of a detectable, asymmetric distribution of cortical GPR-1. This difference between the 
two cells suggests that both GPR-1/2-asymmetry-dependent and GPR-1/2-asymmetry-
independent mechanisms can define spindle orientation in response to intercellular 
signaling in animal systems. EMS spindle orientation does depend on Gα [30], raising 
the interesting question of how Gα can function in spindle orientation independent of 
GPR-1/2 asymmetry. It is possible that Gα has other relevant binding partners that can 
act as asymmetric cues for spindle orientation. Alternatively, we speculate that even 
symmetrically-localized GPR-1/2 and Gα can contribute to normal and symmetric 
cortical pulling forces on the EMS cell's mitotic spindle, and that this and an additional 
asymmetric pulling force by a separate mechanism may both be required together for 
normal spindle orientation in EMS. Also, binding partners of GPR-1/2, such as LIN-5 or 
dynein, could in theory still localize asymmetrically. In support of this, it has been shown 
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that dynactin becomes enriched at the P2-EMS contact downstream of both Wnt and Src 
signaling, and is required for EMS spindle alignment [8]. However, dynactin might 
function in EMS spindle orientation independently of the Gα-GPR-1/2-LIN-5 complex, 
as asymmetric cortical enrichment of dynactin is partially independent of Gα [8]. 
Similarly, Lis1/dynactin is important for spindle orientation in Drosophila neuroblasts 
[50], and localized dynein has been implicated in orienting microtubule organizing 
centers in mammalian T-cells [51]. While dynactin enrichment at the P2-EMS contact 
plays a role in spindle alignment of EMS, whether dynactin is asymmetric in P2, EMS, or 
both is unknown. Future use of the methodology demonstrated in this paper, i.e. 
blastomere recombination experiments, may be useful to determine in which cell(s) 
dynactin enrichment occurs, and to determine whether intercellular signaling can cause 
dynactin asymmetry in the absence of GPR-1/2 asymmetry. 
Previously in our lab, we used blastomere isolation experiments in which cells 
bearing MES-1 and Wnt signals from separate P2 cells were placed at different locations 
on the EMS cortex [20]. In these experiments, the EMS spindle aligned toward the Wnt-
presenting cell and not the MES-1-presenting cell. MES-1 is required for enrichment of 
cortical GPR-1 [12, 30], but we show that cortical GPR-1 is not asymmetric in EMS. Wnt 
signaling might result in asymmetric accumulation of other proteins on the EMS side of 
the P2-EMS contact, proteins that function in aligning the EMS spindle. Based on studies 
in C. elegans and other systems, dynein and the Wnt pathway proteins Dishevelled 
(DSH-2) and Frizzled (MOM-5) would be good candidates for Wnt-recruited proteins 
that regulate spindle orientation in EMS. Dishevelled [52] and components of the dynein 
complex [8] show Wnt-dependent enrichment at the P2-EMS contact, are involved in 
 60 
spindle orientation in C. elegans early development, and have been shown to be involved 
in division orientation in other systems [50, 53]. Also, Frizzled shows Wnt-dependent 
asymmetric localization at a later stage in C. elegans development [20]. Furthermore, one 
group has recently used an ‘induced polarity’ system to show that Frizzled and 
Dishevelled form a complex with NuMA, the C. elegans LIN-5 homologue, and can 
orient mitotic divisions during both Drosophila and zebrafish morphogenesis in a 
pathway parallel to the Pins/GPR-1/2 force-generator pathway [53]. These results suggest 
that force-generating components downstream of GPR-1/2, such as LIN-5, could work in 
a GPR-1/2-dependent or GPR-1/2-independent manner to orient division downstream of 
Wnt signaling. However, while both C. elegans Frizzled and Dishevelled mutants show 
spindle orientation defects in EMS cell division [28, 52], whether they form a complex 
with LIN-5 has not yet been determined in this system.  
In many systems, it has been shown that loss of GPR-1/2 cortical asymmetry 
leads to division defects [4, 5, 11, 21]. However, to our knowledge, ours is the first study 
to show that the precise GPR-1 level is important for normal spindle function: Excessive 
GPR-1 is recruited asymmetrically by intercellular signaling and can lead to spindle 
defects and further developmental consequences (Figure 2.8C-E). In the C. elegans one-
cell stage embryo, spindle severing experiments using the same YFP::GPR-1 strain 
showed that increased GPR-1 cortical signal translates into increased pulling forces 
acting on the spindle [43]. Therefore, both signaling-induced and autonomous spindle 
orientation can depend on GPR-1 level. We speculate that increased pulling forces in P2 
at the site of contact with EMS may be the cause of the oscillating centrosome phenotype 
that we observed as well: Increased pulling at the cortical site might cause dissociation of 
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the centrosome from the nuclear envelope by overcoming nuclear envelope-associated 
dynein's pulling force on centrosomes [54]. Oscillations might then result from 
mechanisms similar to that demonstrated for spindle rocking in the one-cell stage embryo 
[15]. Taken together, these results suggest that intercellular signaling by MES-1/SRC-1 
from EMS to P2 may need to be finely tuned so as to not recruit too much or too little 
GPR-1/2 in P2 at the contact with EMS, or spindle defects and negative developmental 
consequences can result.  
Based on our nocodazole experiments (Figure 2.13E,F), we propose that 
excessive pulling forces on the P2 mitotic spindle via excess GPR-1/2 may be avoided 
normally by microtubule-dependent removal of cortical GPR-1/2. The results suggest a 
negative feedback loop in which GPR-1 levels are steadily accumulated at a site, 
resulting in asymmetric pulling forces that can attract a centrosome and its astral 
microtubules toward that site, and GPR-1 levels are then moderated by these 
microtubules. Such a negative feedback loop could serve to limit GPR-1/2 enrichment, 
preventing accumulation of GPR-1/2 to a level that might lead to defects such as the 
dissociation of a centrosome from the nucleus. 
In Drosophila neuroblasts, Pins, a GPR-1/2 homologue, becomes asymmetrically 
localized by the membrane-associated guanylate kinase protein Dlg and kinesin heavy 
chain 73 (Khc-73)-dependent delivery to the apical cortex along astral microtubules [24]. 
In contrast, during the four-cell stage of C. elegans, we show that GPR-1 localizes by 
diffusion and association with a specific membrane site where cortical stability is 
increased, and microtubules act to limit, rather than increase, cortical enrichment of GPR-
1/2 (Figure 2.11; Figure 2.13). This difference is consistent with other differences 
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between the systems. First, neither the C. elegans homolog of Khc-73, called KLP-4, nor 
C. elegans Dlg, called DLG-1, are expressed in the four-cell stage embryo, and 
knockdown of each does not result in phenotypes during this stage [55, 56]. Secondly, in 
C. elegans, GPR-1/2 becomes asymmetrically enriched early in the cell cycle, well before 
the start of mitosis (Figure 2.1E) [30]. In Drosophila neuroblasts, Par polarity and the 
Dlg/Khc-73 pathways do not cause cortical enrichment of Pins until prophase and 
metaphase [24]. Thus, while cortical enrichment of GPR-1/2 and Pins appears to be 
important for spindle alignment in each case, there are fundamental differences in how 
they localize, suggesting that these core mechanisms for spindle orientation may have 
evolved variations over time. 
GoLoco-domain protein complexes are not the only systems proposed to orient 
mitotic spindles to specific sites downstream of cell-cell contact. In the Drosophila 
germline, spindle-orienting components localize to adherens junctions that form between 
hub cells and germline stem cells, and spindle orientation in the germline stem cells 
depends on the adherens junction component E-cadherin [19, 57]. It will be interesting to 
determine whether adherens junctions are sufficient upstream cues for spindle orientation 
in any axis in this system, and to understand any overlapping requirements and parallels 
between this system and GoLoco protein-dependent systems. 
In conclusion, we demonstrate that the dynamic localization of GPR-1/2 can serve 
as a key intermediate that relays positional information from intercellular signaling to the 
alignment of a mitotic spindle. Previous results [18] and our results together demonstrate 
that GoLoco-domain proteins can be localized by multiple intercellular signaling 
pathways. Cortical but symmetric GoLoco-domain proteins may also function in spindle 
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orientation in certain cells, by mechanisms that have yet to be elucidated. We propose 
that orientation of mitotic spindles by intercellular signaling via GoLoco-domain protein 
localization may be one of the fundamental and widespread mechanisms by which cell 
division orientation is controlled in animal development.  
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FIGURES 
Figure 2.1: Live imaging of tagged GPR-1 accurately reports the dynamic 
localization of endogenous GPR-1.  
 
 
(A) Schematic of TPR-GoLoco protein localization (blue) in several systems where these 
proteins function in spindle orientation (red).  
(B) Schematic of intercellular signaling between P2 and EMS. 
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(C) Live imaging of mCherry::GPR-1 from the birth of P2 and EMS (-960s) to EMS 
division (0s, arrowhead in bottom panel). Colored arrowheads mark specific cell contacts, 
and red line indicates from where the kymograph in (D) was generated. 
(D) Kymograph from embryo in (C). Fluorescence intensities between pairs of same-
colored dotted lines were used to measure mCherry::GPR-1 signals at borders of interest. 
(E) Quantification of mCherry::GPR-1 signal from kymographs, generated from multiple 
embryos as in (D). Error bars here and elsewhere indicate 95% confidence intervals.  
Scale bars are 5µm. 
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Figure 2.2: mcherry::gpr-1 and yfp::gpr-1 made protein of the expected size and 
rescued knockdown of endogenous gpr-1/2. 
 
(A) mCherry::GPR-1 and YFP::GPR-1 show a nearly complete rescue of lethality when 
endogenous gpr-1/2 is knocked down by feeding dsRNA targeting gpr-1/2. Since gpr-1 
and gpr-2 are 97% identical in nucleotide sequence, RNAi targeting gpr-2 was used here 
to knock down the function of both [10, 12, 35, 43, 58]; this resulted in nearly 100% 
lethality in wild-type background. YFP::LET-99 was included to verify that RNAi works 
in this strain. GFP::GPR-2, a non-RNAi resistant strain, was used to confirm that the 
mCherry::GPR-1 and YFP::GPR-1 rescue of lethality in gpr-2(RNAi) worms is specific 
to the altered, RNAi-resistant sequences of GPR-1 in these strains and not because of 
overexpression of this gene. 
(B) Table of statistics on RNAi knockdown and rescue from (A). 
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(C) Western blot of GPR-1/2 and transgenic GPR-1. Protein from YFP::GPR-1 and 
mCherry::GPR-1 is denoted by red asterisks in Cii. We also observed three separate 
bands in the mCherry::GPR-1 strain (white asterisks in Ci) that were detected using α-
GPR-2 but contained little mCherry::GPR-1 as judged by blotting with α-mCherry 
(Compare Ci and Ciii). The mCherry::GPR-1 strain rescued knockdown of endogenous 
gpr-1/2 by RNAi (A), it localized similar to wild-type GPR-1/2 in multiple different 
genetic backgrounds, and we detected no abnormal phenotypes in this strain.  
(D) Localization pattern of YFP::GPR-1 at cell-cell contacts of interest over time. The 
pattern of YFP::GPR-1 cortical localization mimicked that of mCherry::GPR-1, and 
endogenous GPR-1/2. 
 68 
Figure 2.3: Endogenous GPR-2 showed similar patterns to that of transgenic GPR-
1, with accumulation at the P2-EMS contact, then a decrease late in the cell cycle, 
and accumulation on astral microtubules near the P2-EMS contact. 
 
(A) Immunostaining of endogenous GPR-2. Embryos at the four-cell stage were 
categorized 1-4 as follows: 1. P2 and EMS were separate cells as judged by a complete 
line of even faint GPR-2 separating the cells and nuclei consistent with this stage. 
Centrosomes have not begun to separate in EMS; 2. EMS centrosomes were separating 
(white arrowhead); 3. P2 with diametrically-opposed centrosomes that were aligned with 
 69 
the P2-EMS contact (white line), and nuclear envelope breakdown has not yet begun; 4. 
Nuclear envelope breakdown occurred, but EMS division has not yet begun. White 
arrowhead in panel 4 shows EMS in metaphase. Red arrowheads point to the P2-EMS 
contact. 
(B) Quantification of GPR-2 signal at the P2-EMS cell contact. Stage 1, n=5; Stage 2, 
n=7; Stage 3, n=7; Stage 4, n=15. Table shows statistical comparison between different 
stages.  
(C) α-GPR-2 staining was seen localizing near astral microtubules (red arrowheads). 
Some of these microtubules are oriented toward the P2-EMS contact.  
Scale bar is 5µm in (A) and 2µm in (C).  
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Figure 2.4: The GPR-1 transgenes recapitulated expected localization patterns of 
endogenous GPR-1/2 in all genetic backgrounds tested. 
 
(A) Representation of how GPR-1 cell-cell contact asymmetries were determined for (B-
E). (also see Materials and Methods)  
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(B-E) mCherry::GPR-1 behaved like endogenous GPR-1 at the P2-EMS contact: it was 
reduced when src-1 was knocked down via RNAi; it was reduced in a mes-1 mutant and 
to a greater extent at higher temperatures; it was reduced in gpa-16(it143), a temperature 
sensitive allele, at 25oC; and it was not significantly disrupted in a Wnt signaling mutant, 
mom-2(or309). For 20oC experiments: wild type n=21; mom-2(or309) n=16; mes-1(bn7) 
n=24; src-1(RNAi) n=20. For 25oC experiments: wild type n=15; mom-2(or309) n=15; 
mes-1(bn7) n=18; gpa-16(it143) n=13.  
(F) Statistical analysis of the difference between wild type and mutant or RNAi 
backgrounds at the peak of asymmetry of mCherry::GPR-1 in a wild type background. 
Time points analyzed for this table are: (B) -345sec; (C) -180sec; (D) -270sec; (E) -
240sec.  
Scale bar in B is 5 µm 
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Figure 2.5: GPR-1 is enriched in P2 at the contact with EMS, positioned by cell 
contact. 
 
(A) Live imaging of mCherry::GPR-1 after manipulation of two P2-EMS cell pairs into 
anti-parallel configuration. White lines mark sister-cell pairs.  
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(B) Quantification of mCherry::GPR-1 signals at P2-EMS contacts after cell 
manipulations as in (A). Signals were normalized to that at the endogenous P2-EMS 
contact.  
(C) Similar cell manipulations with P2-EMS pairs from mCherry::GPR-1 and YFP::GPR-
1 strains. Colored arrows in (C’) highlight the fluorescence signal in the cell that 
contributes more GPR-1 to that cell-cell contact.  
(D) Live imaging of cell manipulations from two genetic backgrounds, wild type and 
mCherry::GPR-1. White lines connect sister-cell pairs, and dotted white lines outline 
wild-type unlabeled cells. Colored-coded rectangles are expanded in (D’) and quantified 
below from linescans (white lines) across contacts.  
(E) Quantification from manipulations as in (D).  
(F-G) As in (D-E), but with YFP::GPR-1-labeled cells.  
Scale bars are 5 µm. 
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Figure 2.6: MES-1 regulates GPR-1 accumulation and spindle orientation in P2. 
 
(A) Still from live imaging of mCherry::GPR-1 cell manipulations. i-ii: two P2-EMS 
pairs combined. iii-iv: one P2-EMS pair combined with a control ABx pair. v-vi: one wild 
type and one mes-1(bn7) P2-EMS pair combined. Left column: before mitosis. Right 
column: as some cells divide. Scale bars: 5µm. 
(B-D) Division alignments (black lines) from experiments shown in (A). Sister cell pairs 
are the same color. Red: cell-cell contacts toward which centrosomes moved. Black 
 75 
boxes highlight the most frequent alignment in each experiment. Black and blue lines in 
(D) indicate that some divisions initiated toward/away from the cover glass.  
(E) Quantification of mCherry::GPR-1 signal at cell-cell contacts from experiments as in 
(Aiii).  
(F) Quantification of mCherry::GPR-1 signal at cell-cell contacts from experiments as in 
(Av).  
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Figure 2.7: GPR-1 is asymmetric in P2 but not EMS 
 
(A) Schematic showing regions of interest analyzed for graphs below (B-E).  
(B-C) mCherry::GPR-1 signal in the P2 cell at the P2 ectopic contact was significantly 
greater than at the non-contact cortex (p<0.005) or the P2 cytoplasm (p<5x10-6). 
mCherry::GPR-1 signals in the EMS cell at the EMS ectopic contact, the non-contact 
cortex, and cytoplasm were statistically indistinguishable. 
(D-E) YFP::GPR-1 signal in the P2 cell at the P2 ectopic contact was significantly brighter 
than at the non-contact cortex (p=0.023) and the P2 cytoplasm (p<5x10-6). YFP::GPR-1 
signals in the EMS cell at the EMS ectopic contact and non-contact cortex were 
statistically indistinguishable, but the contact cortex was brighter than the cytoplasm 
(p<0.0005). 
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Figure 2.8: Normal GPR-1 distribution in P2 plays important roles in development.  
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(A) Live imaging of embryos expressing mCherry::GPR-1 in different backgrounds. 
Upshifted gpa-16(it143) and mes-1(bn7) P2 cells did not orient centrosomes toward the 
contact with EMS (white arrowheads). White lines connect diametrically-opposed P2 
centrosomes (ii), spindle orientation at metaphase (iii), or sister cells resulting from P2 
division (iv). All images in (A) were taken at 25oC. 
(B) YFP::GPR-1 accumulated more than mCherry::GPR-1 at the P2-EMS contact. 
(C) Live imaging of YFP::GPR-1 showing centrosome defects seen in P2. In some 
embryos, the P2 centrosome nearer the contact with EMS (red arrowhead) detached from 
the nuclear envelope (yellow circle) and oscillated between the P2-EMS contact (blue 
line) and the nucleus. 
(D) Kymograph of centrosome oscillations from (C). Centrosome (arrowhead), nuclear 
envelope (yellow dotted line), P2-EMS contact (blue dotted line). The centrosome 
reached an average maximum velocity of 0.48 ±0.04 µm sec-1, n=6. 
(E) DIC images of adult worms raised at 25oC. Some YFP::GPR-1 worms phenocopy 
mes-1(bn7) worms, with no apparent germline as adults. gonad/germline (red), embryos 
(yellow), intestine (light gray), pharynx (dark gray).  
Scale bars are 100µm (E) or 5µm (all others). 
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Figure 2.9: MES-1/SRC-1 signaling localizes cortical GPR-1 independently of LET-
99. 
 
(A) Live imaging of YFP::LET-99. Colored arrowheads mark cell contacts of interest. 
White arrowhead marks initiation of EMS division. 
(B) Quantification of YFP::LET-99 at cell contacts of interest. 
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(C) YFP::LET-99 signal at the P2-EMS contact becomes indistinguishable between wild 
type, mes-1(RNAi), and src-1(RNAi) backgrounds.  
(D) mCherry::GPR-1 fails to become significantly enriched at P2-EMS contact 
(arrowheads) in mes-1(RNAi) or src-1(RNAi) backgrounds (bottom), without YFP::LET-
99 accumulating at this contact (top). 
(E) Proposed model for the role of MES-1/SRC-1 signaling in GPR-1 cortical 
enrichment.  
Scale bars are 5µm. 
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Figure 2.10: mes-1(RNAi) and src-1(RNAi) disrupted accumulation of 
mCherry::GPR-1, but not YFP::LET-99, at the P2-EMS cell-cell contact. 
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 (A) Live imaging of YFP::LET-99 shows accumulation at cell contacts and cleavage 
furrows during early cell divisions. White arrowheads in Ai-Aiii show cortical 
accumulation of YFP::LET-99 preceding and during cleavage of the AB and P1 cells. The 
diminishing white arrowheads in Aiv-Avi show the decrease of YFP::LET-99 to a low 
level once the P2-EMS membrane became established. The initially higher level of LET-
99 at the P2-EMS contact observed by us (blue arrowhead in Figure 2.9A) and others [30] 
may be a remnant from the previous division as YFP::LET-99 is enriched at all cleavage 
furrows during this stage of development. 
(B-C) Knockdown of mes-1 or src-1 by RNAi prevented mCherry::GPR-1 from 
accumulating at the P2-EMS contact (compare with Figure 2.1D). mes-1(RNAi), n= 14; 
src-1(RNAi), n=20. 
(D-E) Asymmetry at cell contacts was still seen in the EMS cell, but was lost at P2 cell 
contacts in mes-1(RNAi) and src-1(RNAi) embryos (compare with Figure 2.9B).  
(B-E) mes-1(RNAi) embryos were filmed at 25oC and src-1(RNAi) were filmed at 20oC. 
(F) Statistics on contact asymmetries of YFP::LET-99 in wild type, mes-1(RNAi), and 
src-1(RNAi) backgrounds. Time points analyzed were at -315 seconds.  
(G) Statistics on mCherry::GPR-1 signal at contacts of interest in wild type, mes-
1(RNAi), and src-1(RNAi) backgrounds.  Time points analyzed were at –345 seconds, 
based on the maximum accumulation of GPR-1/2 at the P2-EMS contact in wild type.  
Scale bar in (A) is 5µm. 
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Figure 2.11: Asymmetric localization of GPR-1 in P2 is established by destabilization 
at one cell-contact site, diffusion and stabilization at another cell-contact site. 
 
(A) FRAP of the P2-EMS contact at the late stage in the P2 cell cycle. The region in the 
red box is expanded to show the photobleached area over time. 
(B) Examples of FRAP curves. Additional FRAP curves and experimental details are in 
Fig. S6. 
(C) Half-life of recovery data from FRAP experiments.  
(D-D’) Punctae of YFP::GPR-1 near the upper surface of all cells at the four-cell stage. 
Dotted green lines in (D) mark cell-cell contacts. Red line marks the region used to 
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generate the kymograph in (D’). Vertical, blue dotted lines mark cortical punctae of 
YFP::GPR-1, not moving toward the P2-EMS contact. 
Scale bars are 5µm (A,D) or 2µm (D’).  
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Figure 2.12: FRAP curves, maximum recovery, and corrections for expected change 
in signal during FRAP acquisition. 
 
(A-B) Average change in signal intensity of non-photobleached cell-cell contacts during 
acquisition under FRAP conditions. EARLY: P2-EMS, n=27; EMS-ABp, n=27, P2-ABp, 
n=30. LATE: P2-EMS, n=26; EMS-ABp, n=32; P2-ABp, n=24. 
(C) Linear regressions and goodness of fit for linear change as in (A-B). These were used 
to correct for expected changes in fluorescence signal during FRAP. 
(D) Averaged FRAP curves for each experiment are shown after normalization and 
adjustment by (A) and (B). P2-EMS early, n=11; P2-EMS late, n=15; EMS-AB early, 
n=15; EMS-AB late, n=10; P2-ABp early, n=15; P2-ABp late, n=17. R2 values for single 
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exponential fitting of averages of FRAP curves for each experiment ranged from 0.87 to 
0.98.  
(E) Maximum recovery at each contact during FRAP. The late recovery at the P2-EMS 
contact slightly exceeded 100% due to adjustments for normal signal decrease shown in 
(B-C). 
(F) Statistics on t-1/2 and maximum recovery for all FRAP experiments. 
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Figure 2.13: Microtubule-dependent removal of cortical GPR-1 prevents excessive 
accumulation.  
 
(A) P2 centrosomes (arrowheads) separated and aligned toward the P2-EMS contact 
(white lines) by ~240 seconds before EMS division. 
(B) P2 centrosomes first aligned near the time that GPR-1 asymmetry at cell-cell contacts 
peaked, then GPR-1 asymmetry decreased.  
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(C) Puncta of YFP::GPR-1 (arrowhead) moving from the plasma membrane, PM, toward 
the centrosome, C. The projection shows all panels above overlain.  
(D) 30 second projection of YFP::GPR-1. Arrowheads highlight tracks of multiple 
punctae moving toward a centrosome.  
(E) Nocodazole was added ~345 seconds before EMS division initiation. Arrowheads 
point to mCherry::GPR-1 at the P2-EMS contact. (E’) An untreated embryo at initiation 
of EMS division shows weaker mCherry::GPR-1 accumulation at the P2-EMS contact 
compared to a nocodazole-treated embryo at the same time point.  
(F) mCherry::GPR-1 continues to accumulates at the P2-EMS contact at a comparable 
rate in nocodazole-treated (+) embryos as it does prior to centrosome alignment in 
untreated (-) embryos. Black dots represent times when individual nocodazole treatments 
began. Significantly more mCherry::GPR-1 accumulated at the P2-EMS contact in 
nocodazole-treated embryos than in untreated embyos: At t=-15 seconds, 
contact::cytoplasm signal ratios were: untreated, 1.69 ± 0.17; nocodazole-treated, 2.77 ± 
0.36; p<0.0001. Untreated, n=21; nocodazole-treated, n=11.  
(G) Model for how GPR-1 asymmetric localization is established. 1. GPR-1 is 
destabilized at the P2-ABp contact and stabilized at the P2-EMS contact. Blue arrows 
represent net direction of GPR-1/2 diffusion. 2. Spindles in EMS and P2 align. Red 
arrow: rotational movement in P2. 3. Astral microtubules remove GPR-1 from the P2-
EMS contact.  
Scale bars are 2µm (C) or 5µm (all others). 
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TABLES 
Table 2.1: Strains used in this study  
Strain 
Name 
Genotype Referred to in 
text as: 
Source 
TH242 unc-119(ed3) III; ddIs32[yfp::gpr-
1(synthetic, CAI 1.0, artificial 
introns); unc-119(+)] 
YFP::GPR-1 gift from H. 
Bringmann, 
(Redemann et al.) 
TH384* unc-119(ed3) III; 
ddIs79[mCherry::gpr-1(synthetic, 
CAI 1.0, artificial introns) unc-
119(+)] 
mCherry::GPR-1 gift from H. 
Bringmann  
SS149 mes-1(bn7)  (Capowski et al., 
1991) 
LP42 TH384; mes-1(bn7) mes-1(bn7): 
mCherry::GPR-1 
This paper 
LP43 TH384; mom-2(or309)/nT1  This paper 
LP44 TH384; gpa-16(it143)  This paper 
LP45 TH384;TH56  This paper 
TH73 yfp::let-99 YFP::LET-99 (Bringmann et al., 
2007) 
TH65 yfp::α-tubulin YFP::α-tubulin (Kozlowski et al., 
2007) 
 gfp::gpr-2 GFP::GPR-2 (Colombo et al., 
2003) 
 GFP::PHPLC1δ1 GFP::PHPLC1δ1 (Audhya et al., 
2005) 
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CHAPTER 3 
Discussion and future experiments 
 
How cells communicate positional information to control a neighboring cell’s 
division alignment is an important topic in biology.  However to date, there are few 
experiments that test how cell-cell signaling can orient division.  In this dissertation, I 
have focused on a specific example of how two cells signal to each other to align their 
mitotic divisions during the four-cell stage of C. elegans development.  While this is only 
one example of such communication, the conservation of the proteins involved and the 
similarities in patterns of protein localization in multiple systems suggest that this may be 
a more evolutionarily conserved process that has implications beyond C. elegans 
development.  
In Chapter 2, I show that MES-1/SRC-1 signaling specifically at the P2-EMS 
contact provides an instructive cue for GPR-1/2 localization and P2 spindle orientation:  
Changing the position of the MES-1 signal by rearranging specific cell-cell contacts re-
localizes GPR-1/2 and alters the axis of division of P2.  I further characterize how GPR-
1/2 becomes localized by showing that it is independent of MES-1/SRC-1 signaling 
through a cortical inhibitor, LET-99, and that localization occurs by diffusion and cortical 
trapping.  I also provide evidence that microtubules act to limit cortical GPR-1/2 
enrichment at the P2-EMS contact, possibly providing a negative feedback loop for 
cortical GPR-1/2 recruitment.  These experiments have illustrated the importance of 
96 
 
dynamic GPR-1/2 localization downstream of cell-cell signaling during spindle 
alignment. In this section, I will discuss future directions that this project could take to 
better understand how MES-1/SRC-1 signaling and GPR-1/2 cortical recruitment are 
involved in spindle orientation.  
 
Screening for other mediators of MES-1/SRC-1-dependent spindle orientation.   
 While it is clear that MES-1/SRC-1 signaling positions cortical GPR-1/2 
asymmetrically and is involved in spindle orientation, it is very likely that other players 
in the MES-1/SRC-1 pathway that lead to normal spindle orientation remain to be 
discovered.  For example, we know that MES-1/SRC-1 signaling results in enrichment of 
phosphotyrosine staining at the P2-EMS contact [1]. However, the identity of the 
protein(s) that are phosphorylated remains unknown.   Is this phosphorylation target a 
known protein in the P2 spindle orientation pathway such as GPR-1/2, Gα, or MES-1, or 
is it some other protein that we don’t yet know plays a role in this cell’s spindle 
orientation? Is this phosphorylation event due directly to SRC-1-dependent activity, or is 
SRC-1 activating another kinase that is creating the enriched phosphotyrosine staining?  
As an initial step to identifying other proteins that function in spindle orientation in the P2 
cell, I propose a screen that utilizes a temperature sensitive allele mes-1(bn74) [2].  This 
screen will be set up similar to previous screens in C. elegans that used conditional alleles 
to identify roles of non-essential genes that are involved in essential processes [3, 4].  The 
goal will be to discover C. elegans specific genes, as well as conserved genes, that 
function in MES-1/SRC-1-signaling dependent spindle orientation.  The suggested 
screening protocol is outlined briefly below.   
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 mes-1 is a non-essential gene that is involved in the temperature sensitive process 
of germline specification in C. elegans [2, 5].  The mes-1(bn74) allele comprises a 25kb 
deletion that removes the entire coding region of mes-1, and is thus a null allele.  mes-
1(bn74) is also one of the strongest mutant alleles of mes-1 based on the readout of 
sterility: at 15oC this strain produces roughly 20% sterile progeny while at 25oC, 70% of 
the progeny are sterile [2].  Sterility is likely to be due to the disruption of division in the 
P-cell lineage and failure to specify a germline precursor cell. I propose using sterility as 
an initial readout for P2 division defects in an RNAi enhancer and an RNAi suppressor 
screen in the mes-1(bn74) background. 
 This screen would be designed to identify several types of proteins: both negative 
and positive regulators of P2 spindle orientation. The screen would be carried out using a 
candidate approach targeting the knockdown of Src interacting proteins and proteins 
known to function in Src signaling in other systems. Some candidates, with closest C. 
elegans homologues determined from BLAST searches listed in brackets, would include: 
FAK (likely lin-1), Grb-2 (sem-5), Ras, MEK (mek-1, mek-2), ERK (mpk-1), PI 3-kinase 
(piki-1), Akt (akt-1), Integrin, SGEF (likely tag-218), and Rho-GAP.  In the enhancer 
screen, worms would be grown at 15oC on control plates and plates containing bacteria 
expressing dsRNA for each candidate gene.  Positive enhancer genes would be detected 
as an increase in sterility above 20%. The suppressor screen would be carried out similar 
to the enhancer screen except worms would be grown at 25oC and the readout for a 
suppressor gene would be decrease in sterility below 70%.  
 Once the initial sterility screen is carried out, positive hits would go through a 
secondary screen involving live imaging of P2 spindle orientation in intact embryos and 
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isolated P2-EMS pairs, looking for P2 division orientation defects.  In parallel, positive 
candidates would be screened for an increase or decrease in phosphotyrosine levels at the 
P2-EMS contact by using the commercial antibody pY99 [1].  Alterations in P2 spindle 
alignment or enriched or decreased phosphotyrosine staining at the P2-EMS contact 
would suggest that these proteins are functioning in MES-1/SRC-1-signaling-dependent 
P2 division alignment.  To verify that these proteins are involved in P2 division alignment, 
double mutants of mes-1 or src-1 would be made with positive candidates determined 
from above to test genetic interactions. This step is important because RNAi can disrupt 
the function of unintended targets, complicating the interpretation of the data [6, 7].  By 
observing the same phenotypes in mutants, I can verify that each candidate specifically 
affects P2 division.  Results from these secondary screens and genetic experiments would 
clarify how these proteins function together and they would suggest new hypotheses for 
future experiments.    
Finally, it would be of great interest to determine which, if any, of the candidate 
proteins identified to function in P2 division alignment are the targets of MES-1/SRC-1-
dependent phosphorylation.   Since MES-1 has homology to receptor tyrosine kinases 
(RTKs) [5], and RTKs can dimerize, become activated by autophosphorylation on 
multiple sites, and active RTKs can bind to and activate Src, it is tempting to think that 
MES-1 may be the phosphoprotein seen enriched at the P2-EMS contact.  However, since 
MES-1 lacks an ATP binding site and several highly conserved residues required for 
RTK activation, it is doubtful that MES-1 can function as a kinase itself [5].  Also, 
whether MES-1 recruits SRC-1 to the P2-EMS contact remains unknown.  Thus, to find 
what proteins show SRC-1 dependent phosphorylation and how these phosphorylation 
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events are involved in spindle orientation will require further biochemical and molecular 
biology experiments.  Such experiments would include in vitro kinases assays and 
creating point mutations to make phosphomimetic and non-phosphorylatable forms of 
residues of interest on candidate SRC-1 phosphorylation targets. Once these targets are 
found, experiments will be designed to test how they function in asymmetric cortical 
GPR-1/2 recruitment and P2 spindle alignment.  
While essential genes that are required during earlier processes of development 
may be missed using this screening approach, overall this method should identify non-
essential genes involved in MES-1/SRC-1 dependent P2 spindle orientation.   However, 
since no screen is perfect, I would also suggest attempting to identify SRC-1 
phosphorylation targets using a parallel method: identifying proteins with an increase of 
phosphotyrosine when comparing a 2D protein gel from a sample of wild type embryos 
to a sample from src-1 mutant or src-1(RNAi) embryos.  Bands of interest would then be 
excised, purified and trypsinized, and the identity of the protein(s) could be determined 
by mass spectroscopy.  Since Src signaling is conserved across many species, and since 
cell-cell signaling-dependent spindle orientation is not currently well understood, the 
screening approach carried out in parallel with the mass spectroscopy experiments has the 
potential to pull out genes of broad interest across biology.   
Final Perspective 
 Graduate school is not easy.  However, during my time in the Goldstein Lab, I 
have learned that it can be exciting and fun if you are able to focus, work hard, and push 
through the difficult and frustrating times of negative results and failed experiments.  
While I did not start the GPR-1/2 project until fairly late in my graduate school career, I 
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am extremely happy at how the story turned out.  Furthermore, this project has inspired 
great curiosity in me to understand how cells can communicate positional information to 
one another to control division orientation.  I believe that this field of study will only 
continue to grow in interest and importance in the future.    
A little over 10 years ago, Bob wrote a review entitled "When cells tell their 
neighbors which direction to divide" [8].  At that time, there were few examples outside 
of C. elegans development where it was clear that a cell could align the division of its 
neighbor.  However, since then, it has become widely accepted that many cells in 
metazoans are telling neighbors how to divide.  Interestingly, TPR-GoLoco proteins seem 
to be one of the key conserved mediators between extrinsic signals and normal division 
orientation.  While my research has shed light on how TPR-GoLoco proteins become 
asymmetrically localized in response to external cues, so much remains to be studied in 
this field.  Thus, it is with great enthusiasm that I will continue to follow this field, and I 
look forward to future studies that clarify how extrinsic cues can align a cell's division.   
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